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Introduction
This thesis work is part of a research project carried out in the NEST laboratory of SNS,
in Pisa, which is currently developing spectroscopically distinct nanoparticles which can
be conjugated to exosomes with the aim of creating a competitive screening protocol for
early diagnosis of cancers.
Exosome based diagnostics exploits the ability of these natural lipid nanoparticles, re-
leased under physiological and/or pathological conditions by all cells, to act as biomark-
ers: they expose membrane proteins and carry a proteic and nucleic acid cargo, which
are characteristic of the cell of origin.
The project provides a smart approach to the capture of exosomes presents in biologi-
cal fluids, like urine and plasma, and the isolation of specific subpopulations of interest
(exosomes released from tumor tissue), by the functionalization of metal nanoparticles
with antibodies for tumoral epitopes on exosomes. Their subsequent identification and
quantification will be reached by means of spectroscopic methods, either by the dif-
ferent elastic light scattering spectra of nanostructures of different materials, shapes,
and/or dimensions, or via surface enhanced Raman spectroscopy (SERS), since it allows
the detection of low concentration analytes through the strong enhancement of Raman
signals.
This thesis covers most of the preliminar results, necessary for the aforementioned
project, about synthesis, stabilization, functionalization with chromophores and spec-
troscopic analysis of nanoparticles for diagnostic purposes.
In this work I synthesized metal nanoparticles of various materials, size and shape,
tested their proper functionalization with peptidic coatings, verified their stability in
aqueous media and investigated the possibility to create spectroscopically distinguish-
able nanosystems, in particular carrying out SERS measurements of fluorophores linked
to different metallic nanoparticles in different ways.
This thesis is organized as follows:
• Chapter 1 starts with a brief overview of the optical properties of metal nanopar-
ticles; Mie’s theory for scattering and absorption of ligth by a spherical particle
vii
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is briefly summarized and its results are exploited to introduce the concept of Lo-
calized Surface Plasmon Resonance (LSPR), i.e. a coherent collective excitation
of the conduction electrons. Then, interactions between light and molecules are
described; I start with a general description of absorption and emission phenomena
and then I focus on the theory of Raman scattering and discuss the mechanisms
underlying SERS.
• Chapter 2 focuses on metal nanoparticles (Nps), summarizing the general princi-
ples and recent developments in the synthesis protocols and surface coating; then
I discuss the most common techniques for characterization of nanoparticles, e.g.
UV/Vis spectrophotometry, gel electrophoresis, dynamic light scattering and elec-
tron microscopy.
• In Chapter 3, materials and methods employed during this thesis work are listed
in details.
• Chapter 4 summarizes the experimental results of this thesis work together with
their interpretation and discussion; synthesis, functionalization and analysis of
many spectroscopically distinguishable Nps are presented and their potential ap-
plication in diagnostics is briefly discussed.
The thesis ends with the Conclusions, where I shall summarize the findings and discuss
the future perspectives.
Chapter 1
Theory: light-matter interactions
1.1 Optical properties of metal nanoparticles
In this section we shall discuss the optical properties of metal nanoparticles starting from
Mie’s classic theory for scattering of electromagnetic waves by homogeneous spherical
particles of arbitrary size.
1.1.1 Scattering and absorption
When a medium is illuminated by an electromagnetic (EM) wave, electric charges in
the medium are set into oscillatory motion by the electric field of the incident wave;
it is known from classical electrodynamic that an accelerated electrical charge radiates
electromagnetic energy: this reradiated field is called scattered field.
It is also possible for EM energy of incident light to be dispersed in non-radiative pro-
cesses, e.g. thermal motion, and this phenomenon is known as absorption.
Tipically scattering and absorption occur simultaneously, so the general phenomenon
through which a light beam impinging on a medium is reduced in its original path is
referred to as extinction.
German physicist Gustav Mie presented in 1908 a solution for plane wave scattering
by a homogeneous isotropic sphere presenting a mathematical model for scattering and
absorption phenomena by a complete analytical solution[7] of Maxwell’s equations.
1
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Maxwell’s equations in Gaussian units for EM field in a medium are
∇ ·D = 4piρ (1.1)
∇×E = −1
c
∂
∂t
B (1.2)
∇ ·B = 0 (1.3)
∇×H = 1
c
∂
∂t
D +
4pi
c
J (1.4)
where E and H are the electric field and magnetic field, D is the electric displacement,
B is the magnetic induction, J is the current density and ρ is the charge density. J is the
sum of Jc and J0, where Jc satisfies Ohm’s law Jc = σE and arises from the non-zero
conductivity of the medium, while J0 is the current density from an external source.
Writing D and B in terms of the electric polarization P and the magnetic polarization
M
D = E + 4piP (1.5)
B = H + 4piM (1.6)
and assuming sufficiently weak fields so that
P = ηE (1.7)
M = χH (1.8)
where η and χ are the electric and magnetic susceptibility, respectively, one can write
D = E; B = µH (1.9)
where  is the electric permittivity and µ is the magnetic permeability.
Maxwell’s equations can be recast for source-free regions of space (J0 = 0), by assuming
that all the fields F are time-harmonic, i.e. F = A cosωt + B sinωt or, using complex
representation
F = <{Fc} (1.10)
where Fc = C exp{−iωt}, C=A+iB and ω is the angular frequency. Eqq. 1.1 to 1.4
become:
∇ · (Ec) = 0 (1.11)
∇×Ec = iωµ
c
Hc (1.12)
∇ ·Hc = 0 (1.13)
∇×Hc = − iωc
c
Ec (1.14)
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where all the fields F have been replaced with their complex representation Fc; the
complex permittivity c is
c = +
4piiσ
ω
(1.15)
where σ is the conductivity.
Taking the curl of 1.12 and 1.14 leads to Helmholtz equation
(∇2 + k2)E = (∇2 + k2)H = 0 (1.16)
where k2 = ω
2µ
c2
c.
Now that the vector wave equations for electric and magnetic fields are found, the scat-
tering problem can be studied: a quantitative determination of the fields in each point
of space must be provided.
Figure 1.1: Scattering by spherical particle. Electric and magnetic fields are reported
as red and blue waves, respectively.
Referring to Fig. 1.1, starting from the known incident fields (Ei,Hi), we want to deter-
mine the pairs (Eint,Hint) and (Esc,Hsc) which denote the electric and magnetic fields
inside the sphere and the fields scattered by the sphere itself respectively, which must
satisfy the following imposed boundary conditions at the surface of the scatterer:
(Ei + Esc −Eint)× eˆr = 0; (Hi + Hsc −Hint)× eˆr = 0 (1.17)
where eˆr is a unit vector along the outward surface normal. Eqq. 1.17 are the require-
ment for the tangential components of electric and magnetic fields to be continuous
across a boundary separating media with different properties.
Since we’re studying scattering by a spherical particle it is convenient to use a spherical
Chapter 1. Light-matter interactions 4
coordinate system (r, θ, φ); let
Ei = E0e
ikr cos θeˆx (1.18)
be an x polarized plane wave propagating in the z direction, where
eˆx = sin θ cosφeˆr + cos θ cosφeˆθ − sinφeˆφ (1.19)
and consider a scalar function ψ, an arbitrary constant vector c and a vector function
M that fulfill M = −c×∇ψ.
The vector function M satisfies the vector wave equation if ψ is a solution of
(∇2 + k2)ψ = 0 (1.20)
referred to as scalar wave equation; in spherical polar coordinates it assumes the form
1
r2
∂
∂r
(
r2
∂ψ
∂r
)
+
1
r2 sin θ
∂
∂θ
(
sin θ
∂ψ
∂θ
)
+
1
r2 sin2 θ
∂2ψ
∂φ2
+ k2ψ = 0 (1.21)
which can be splitted into radial and angular equations.
Solutions for the angular part are the associated Legendre functions of the first kind Pmn ,
while radial equation is solved by spherical Bessel functions fn(kr); with these solutions
one can construct the scalar functions1
ψemn = cosmφP
m
n (cos θ)fn(kr); ψomn sinmφP
m
n (cos θ)fn(kr) (1.22)
which generate the vector spherical harmonics
Memn = ∇× (rψemn) (1.23)
Momn = ∇× (rψomn) (1.24)
and
Nemn =
1
k
∇×Memn (1.25)
Nomn =
1
k
∇×Momn . (1.26)
It can be demonstrated that all the solutions of eq. 1.16 can be expressed in terms of M
and N spherical harmonics
Ei =
∞∑
m=0
∞∑
n=m
{BemnMemn +BomnMomn +AemnNemn +AomnNomn} (1.27)
1Subscripts e and o stands for even and odd functions.
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where we have to determine the expansion coefficients Apmn and Bpmn (p = o, e).
At last, exploiting the boundaries 1.17, electric field inside (µ1 and k1) and outside (µ2
and k2) the sphere is
2
Eint =
∞∑
n=1
En(cnM
(1)
o1n − idnN(1)e1n) (1.28)
Esc =
∞∑
n=1
En(ianM
(3)
o1n − bnN(3)e1n) (1.29)
where coefficients an, bn, cn and dn have to be determined
3 and magnetic fields can be
derived from Maxwell’s equation ∇×E = iωµc H. The labels (1) and (3) in 1.28 and 1.29
denote that the vector spherical harmonics M and N have radial dependence given by
Bessel functions of first and third kind, respectively.
Once the expression for electric and magnetic fields are known one can estimate scat-
tering and absorption cross sections as Cext = W
ext
Ii
, where Cext is the extinction cross
section, W ext is the power of light that undergoes scattering and absorption from the
scatterers and Ii is the intensity of incident light.
Let S be the time-averaged Poynting vector of the EM fields in the medium sorrounding
the scatterer; it is the sum of the Poyinting vectors of the incident and scattered fields,
Si and Ssc, respectively, and of a term that can be considered as arising from their
interaction, which is denoted Sext:
Sext =
c
8pi
<{Ei × (Hsc)∗ + Esc × (Hi)∗} (1.30)
It can be integrated over the surface A of a sphere of radius r sorrounding the scatterer:
W ext = −
∫
A
Sext · eˆrdA (1.31)
Being Ii = c8pi
ck
ωµ |E|2, and calculating the Poyinting vector for the scattered fields Ssc =
c
8pi<{Esc × (Hsc)∗}, we get the scattering and extinction cross section:
Cext =
W ext
Ii
=
2pi
k2
∞∑
n=1
(2n+ 1)<{an + bn} (1.32)
Csc =
W sc
Ii
=
2pi
k2
∞∑
n=1
(2n+ 1)(|an|2 + |bn|2) (1.33)
It can be seen that Mie solution for small particles (i.e. their diameter is much smaller
than the wavelength of light) with volume V0, complex dielectric function ε = ε1 + iε2,
2It can be seen[7] from the definition of the expansion coefficients that they vanish unless m = 1.
3Scattering coefficients are expressed as combinations of Riccati-Bessel functions; a detailed demon-
stration can be found in the reference[7].
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sorrounded by a medium of dielectric εm is
Cext = 9
ω
c
ε3/2m V0
ε2(ω)
[ε1(ω) + 2εm]2 + ε2(ω)2
(1.34)
where ω is the frequency of the incoming radiation.
Note from 1.34 that the extinction cross section has a maximum for ε1 = −2εm if the
imaginary part ε2 of the dielectric function is small compared to ε1. As we will see in
section 1.1.2, this condition defines the position of the plasmon resonance peak in the
extinction spectrum, which is then strongly dependent on the material of the scatterer
and of the environment sorrounding it, but seems to have no size-dependence.4.
1.1.2 Localized Surface Plasmon Resonance
Consider the classical Drude model for electrical conductions in metals: bulk metals
are assumed to be made of positively-charged massive ions and a free non interacting
electron gas, for which collision with ions is the only interaction taken into account,
resulting in a random motion of the electrons.
When electromagnetic waves at given frequency ω impinge upon a metal, they cause the
electrons to move under the action of the electric field ~E(t) = ~E0e
−iωt; it is possible to
write the equation of motion as:
m
d〈~v〉
dt
= −m〈~v〉
τ
− e ~E0e−iωt (1.35)
where 〈~v〉 is the mean electrons drift velocity and τ is the relaxation time, which could
be considered to be the mean free time between collisions with ions.
The mean current density is defined as 〈 ~J〉 = −ne〈~v〉; substituting this in the equation
of motion 1.35:
d〈 ~J〉
dt
+
1
τ
〈 ~J〉 =
(
Ne2
me
)
(1.36)
Let’s assume that conduction current density follows the electric field so that it has the
form ~J = ~J0e
−iωt. Substituting into 1.36 we obtain:
(−iω + 1
τ
) ~J =
(
Ne2
me
)
~E (1.37)
which is the general Ohm’s law for an oscillating applied field, which can be recast as
~J =
[
σ
1− iωτ
]
~E (1.38)
4Theory can be modified by including size-dependent dielectric functions.
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where σ = Ne
2τ
me
is the conductivity for static fields (ω = 0).
Considering the wave equation
∇2 ~E = 1
c2
∂2 ~E
∂t2
+
1
ε0c2
∂ ~J
∂t
(1.39)
and substituting with 1.38, we get
∇2 ~E = 1
c2
∂2 ~E
∂t2
+
1
ε0c2
[
σ
1− (iωτ)
]
∂ ~E
∂t
(1.40)
which has solutions of the form ~E = ~E0e
i(~k·~r−ωt), where
k2 =
ω2
c2
+ i
[
σωµ0
1− (iωτ)
]
(1.41)
Once the expression for the wave vector k is known we can get the refractive index of
the medium:
n2 =
c2
ω2
k2 = 1 + i
{
σc2µ0
ω[1− iωτ ]
}
(1.42)
or
n2 = 1− ω
2
p
ω2 + iωγ
(1.43)
where γ = 1/τ and
ωp = γσc
2µ0 =
(
Ne2
meε0
)1/2
(1.44)
is known as plasma frequency: when electrons in a plasma are displaced from their
rest position under the action of an electric field, they feel a restoring force by the ions
and start to oscillate around their equilibrium position with a characteristic frequency
ωp.
Our interest in introducing plasma frequency lies in the fact that the dielectric function
of metals can be expressed in terms of ωp
εdrude(ω) = 1−
ω2p
ω(ω + iγ)
(1.45)
which can be simplified in the optical range as
εdrude(ω) = 1−
ω2p
ω2
(1.46)
since ω >> γ; one can exploit the resonance condition ε1 = −2εm from eq 1.34 into
1.46, to find the frequency of LSPR peak
ωLSPR =
ωp√
2εm + 1
(1.47)
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When the external electric field has a frequency that matches ωLSPR, electrons in metal
undergo resonant collective oscillations (Fig. 1.2) and the incoming radiation’s energy
is stored in the nanoparticle, in form of oscillation mode of the charge density; in this
view, this “stored” energy can be degraded into thermal energy (absorption) or can be
reradiated away (scattering).
When conduction electrons undergo coherent collective oscillations, the electron cloud
Journal of Nanomaterials 3
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Figure 1: Illustrations of (a) surface plasmon resonance (SPR) and (b) localized surface plasmon resonance (LSPR), resulting from the
collective oscillations of delocalized electrons in response to an external electric field. Reprinted with permission from [14]. Copyright 2007
Annual Review of Physical Chemistry.
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Figure 2: The calculation of Gans theory for gold nanorods. (a) Dependence of the absorbance spectrum on aspect ratio for a constant
dielectric constant of the medium (inset: peak wavelength increases linearly with aspect ratio). (b) Dependence of the absorbance spectrum
on the dielectric constant of the medium for a constant aspect ratio (inset: peak wavelength increases linearly with dielectric constant).
Reprinted with permission from [11]. Copyright 1999 American Chemical Society.
Figure 1.2: Collective oscillations of electrons in response to an external electric
field.[1]
displacements give rise to surface charge distributions; each oscillation with a different
surface charge distribution, i.e. dipolar, quadrupolar or higher order multipolar, can be
excited at a specific resonance frequency, the LSPR, to which a maximum of absorption
in the extinction spectrum is associated.
When a LSPR is excited, collective oscillations of electron density act as a dipole antenna,
resulting in a local enhancement of EM field sorrounding metal nanoparticles. The
distance dependence of the enhanced EM field from the nanoparticle is expected to
show a dipolar decay rate ∝ (R + z)−3, where R is the radius of the particle and z is
the distance from the surface. However, in the literature an approximated exponential
decay E(z) = E0exp(−z/ld), where ld is a characteristic decay length, is often used, in
analogy with the behavior in “delocalized” surface plasmons.
Several theoretical investigations on the local EM field enhancement by LSPR from
metal nanoparticles were carried out in recent years; Hao and Schatz[8] used the dis-
crete dipole approximation (DD 5) to investigate he effect of size and shape on the
EM feld’s enhancement induced by optical excitation of LSPR of silver nanoparticles.
Fig. 1.3 reports the contours plot of electric field enhancement by structures with differ-
ent shapes; it shows that the maximum enhancement is achieved near areas with high
curvature (rod and spheroid) and in close proximity to the tips (triangular prism), due
to the so-called lightning rod effect.
5DDA is a method for computing scattering of radiation by particles of arbitrary shape and by
periodic structures.
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Figure 1.3: DDA-calculated electric field enhancement contours external to structures
with different shapes: a) and b) are a rod and a spheroid with external field polarized
along their long axes; c) is a triangular prism with external field polarized along one of
its primary symmetry axes.
However, when dealing with colloids, aggregation phenomena may bring two or more
Nps to be in close proximity, hence it would be useful to extend the investigations over
arrangements of more than one nanoparticle. Electric field enhancement contour plots
for pairs of silver metal Nps is reported in Fig. 1.4; it was found that the largest en-
hancement occurs at the midpoint between the two spheres and is about a factor of ten
larger than the enhancement found for all other particles.
Figure 1.4: DDA-calculated electric field enhancement contour external to a dimer of
Ag nanospheres separated by 2 nm (left). In the 3D plot (right), the axis perpendicular
to the selected plane represents the amount of electric field enhancement around the
dimer.
LSPR is also sensitive to changes in dielectric function of the environment in close
proximity to the surface (eq. 1.47) and it can be proved that dielectric variations in the
medium sorrounding the particle or the creation of an adsorbate layer on it, produce a
Chapter 1. Light-matter interactions 10
LSPR shift which can be written as:
∆λmax = m(nA − nε)[1− e−2d/ld ] (1.48)
where nA is the refractive index of the adsorbate layer, nε is the refractive index of
the bulk environment and d is the adsorbate layer thickness; the sensitivity of LSPR
excitation frequency to changes in environment has several implications in biosensing
experiments.
1.2 Interactions of light with molecules
In the previous section we found Mie solution for light interaction with spherical par-
ticles, resulting in the calculation of extinction and scattering cross sections. In this
section we shall discuss briefly the interactions between light and molecules, starting
from standard absorption and emission and then focusing our attention on Raman
scattering, since it will be crucial for the interpretation of the experimental results of
this thesis work (see Chapter 4). At the end of this section, indeed, we will discuss
the enhancement of the Raman signal due to the proximity of a (nanostructured) metal
surface, i.e. the surface enhanced Raman scattering (SERS).
1.2.1 Absorption and emission
Consider a system of identical atoms interacting with an electromagnetic field and sup-
pose, for sake of simplicity, that each atom has only two energetic levels, namely |1〉 and
|2〉 of energy E1 and E2 respectively, with E2 > E1.
According to Einstein’s quantum theory of radiation, three main processes of interaction
between atomic system and radiation can occur:
1. we have absorption when the system is found in the ground state |1〉 and a photon
of energy hν = E2 − E1 is adsorbed, disappearing from the radiation field. The
system is now found in the excited state |2〉.
2. If the system is initially in the excited state |2〉 it can decay to |1〉 by emitting
a photon of energy hν = E2 − E1. This process is referred to as spontaneous
emission.
3. A photon interacting with an atom which is in the excited state |2〉 can stimulate
the emission of a new, identical photon, taking the system to the ground state |1〉.
This phenomenon is known as stimulated emission.
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Figure 1.5: Scheme of the absorption, spontaneous and stimulated emission phenom-
ena, with their related Einstein coefficients.
These processes, summarized in Fig 1.5, are statistical phenomena that occurs with a
certain probability and with each is associated an Einstein coefficient; considering a
system of N atoms, N1 of which are in state |1〉 and N2 in state |2〉 interacting with a
radiation field of spectral energy density u(ν), the transition rates in a time interval dt
for the three processes are:
(dN21)abs = B21u(ν)N1dt (Absorption) (1.49)
(dN12)spon = A12N2dt (Spontaneous Em.) (1.50)
(dN12)stim = B12u(ν)N2dt (Stimulated Em.) (1.51)
where the Einstein coefficients6 A12, B12 and B21 are related by
A12 =
8pihν3
c3
B21 and B12 = B21 (1.52)
and B21 is proportional to the matrix element for electric dipole transition:
B21 =
2pi
3~2
∣∣∣∣〈2|~ˆµ|1〉∣∣∣∣2 (1.53)
where ~ˆµ =
∑
i eiri is the electric dipole operator and the sum runs over electric charges
ei at positions ri.
1.2.2 Raman scattering
As we have seen in the previous section, light can be absorbed and emitted by atoms
and molecules. However, light may also be scattered away by atoms and molecules.
If the light source is monochromatic, one can analyze the scattered radiaton and find
that a small amount of light is scattered at some different wavelength with respect to
6Usually a different convention is found in the literature, where the subscripts of Einstein’s coefficients
are exchanged.
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the incident radiation: whe say that photons have undergone inelastic scattering.
Increasing Frequency
Figure 1.6: A typical Raman spectrum.
A typical spectrum of scattered light is
shown in Fig 1.6: it reveals an intense
peak at the same frequency of the in-
cident light which corresponds to elastic
scattering, known as Rayleigh scatter-
ing, whereas the frequency-shifted peaks
are referred to as Stokes and anti-Stokes
peaks.
Classically light scattering phenomena
arise since the electromagnetic field in-
duces an electric dipole moment which ra-
diates at its oscillation frequencies. The
dipole moment induced by an electric field
E(t) = E(r)e−iωit at given frequency ωi is:
µ(t) = α(t)E(t) (1.54)
where α(t) is the polarizability of the material. Note that in eq. 1.54 E and µ should
be vectors, so α should be a second rank tensor; for the sake of simplicity, here and
in the following discussion we will not consider explicitly this characteristics. Since the
polarizability of the electron cloud is affected by the nuclear motion, it is convenient to
recall α(t) as a function of nuclear modes Q, expanding to the first order in a Taylor
series[9]:
α(t) = α0 +
∂α
∂Q
Q(t) (1.55)
and, assuming that nuclear modes are well described by a simple harmonic oscillator
Q(t) = 2Q0 cos(ωnt) with frequency ωn and rest position Q0, we find:
µ(t) = α0(t)E0e
−iωit︸ ︷︷ ︸
Rayleigh
+
∂α
∂Q
E0Q0
{
e−i(ωi+ωn)t + e−i(ωi−ωn)t
}
︸ ︷︷ ︸
Raman
(1.56)
In 1.56 it is pointed out that Raman scattering arise from the second term on the right-
hand side of equation which is non-zero only for the nuclear modes that induce a change
in the electric polarizability. It is now clear why the position of Stokes and anti-Stokes
peaks are symmetric to the central one: their position in the spectrum differ from ωi by
the frequency of the nuclear mode ωn. Switching to a quantum mechanical approach,
when a photon of frequency ωi undergoes inelastical scattering by a molecule, we have
that:
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• if the frequency of the scattered photon ωs is lower than ωi, that is ωs = ωi − ωn,
the molecule remains in a higher vibrationally excited state than the starting one
after interacting with photons;
• if ωs > ωi, it means that the molecule was initially in an excited vibrational state
and a photon takes it to the ground state or to a lower vibrational excited resulting
in ωs = ωi + ωn.
Note that, at room temperature, thermal energy is not high enough to highly excite most
of the normal modes of the molecules, so tipically molecules are mostly in the vibrational
ground state. This is why Stokes peaks are much more intense than anti-Stokes.
The polarizability is a tensor with two Cartesian components: one is associated with
the incident photon and the other with induced dipole moment that is responsible for
the scattered photon. Its components are defined in the molecule-fixed coordinates x, y
and z: 
µx
µy
µz
 =

αxx αxy αxz
αyx αyy αyz
αzx αzy αzz
 ·

Ex
Ey
Ez
 (1.57)
We want to stress the fact that the two photons are connected by a single quantum
process, and this makes Raman scattering different from absorption and emission phe-
nomena discussed in sec. 1.2.1 which are two single-photon events.
Since in Raman scattering two photons are involved, it is convenient to recall the polar-
izability tensor within the second-order perturbation theory framework[10] as:
αηθ =
∑
r
∑
n
[ 〈0f |µη|rn〉〈rn|µθ|0i〉
Er − E0 + en − ei − ~ω − iΓ +
〈0f |µθ|rn〉〈rn|µη|0i〉
Er − E0 + en − ei + ~ω + iΓ
]
(1.58)
where
• indices η and θ denote the molecule-fixed coordinates;
• indices i and f denotes the initial and final vibrational state of the molecule;
• summations run over electronic (E) and vibrational (e) energy levels r and n,
respectively7;
• Γ is a damping constant related to the lifetime of the vibronic state rn
Note from eq. 1.58 that in a Raman transition all vibronic states have to be considered,
even though the energy of the exciting radiation is much lower than the energy of any
7E0 denotes the electronic ground state.
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Figure 1.7: Rayleigh and Raman molecular transitions.
electronic transition. This is crucial in the computation of the polarizability tensor and,
thus, of the intensity of the scattered radiation, since it scales with the square of the
tensor. For a vibrational transition i→ f , the Raman scattering cross section is linked
to the polarizability:
σi→f ∝ (ωi ± ωn)4 ·
∑
ηθ
|αη,θ|2 (1.59)
and the intensity of the scattered radiation integrated over all scattering angles and
polarisation directions for a non-oriented sample is
Ii→f = σi→fI0 (1.60)
where I0 is the intensity of the (unpolarized) incident radiation.
1.2.3 Resonance Raman scattering
If the frequency of incident radiation ωi is close to the frequency of an electronic tran-
sition of the molecule (i.e. ~ωi ∼ Er − E0 + en − ei), equation 1.58 can be simplified
to:
αηθ '
∑
n
〈0f |µη|Rn〉〈Rn|µθ|0i〉
ER − E0 + en − ei − ~ω − iΓ (1.61)
where summation is now restricted to the vibrational states of the electronic excited
state |R〉.
Eq. 1.61 represents a transition from the vibronic state |0i〉 to |0f〉 through the resonant
vibronic state |rn〉; it is convenient to invoke the Born-Oppenheimer approximation in
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order to separate the vibrational and electronic levels:
|0f〉 = |0〉|f〉 |0i〉 = |0〉|i〉 |Rn〉 = |R〉|n〉 (1.62)
so that we can recast eq. 1.61 as
αηθ '
∑
n
〈f |n〉〈n|i〉µη0Rµθ0R
ER − E0 + en − ei − ~ω − iΓ (1.63)
The dipole moment components µη0R can now be expanded in a first-order Taylor series
order with respect to nuclear modes Qk:
µη0R(Qk) = µ
η
0R(Q
(0)
k ) +
∑
k
(∂µη0R
∂Qk
)
0
Qk (1.64)
and the same is done for µθ0R.
Combining 1.63 and 1.64, the polarizability tensor is expressed as the sum of two terms:
αηθ '
∑
n
〈f |n〉〈n|i〉(µη0R)(0)(µθ0R)(0)
ER − E0 + en − ei − ~ω − iΓ︸ ︷︷ ︸
A−term
+
(∑
n
〈f |Qk|n〉〈n|i〉
(∂µη0R
∂Qk
)
0
(µθ0R)
(0)
ER − E0 + en − ei − ~ω − iΓ +
〈f |n〉〈n|Qk|i〉
(∂µθ0R
∂Qk
)
0
(µη0R)
(0)
ER − E0 + en − ei − ~ω − iΓ
)
︸ ︷︷ ︸
B−term
(1.65)
that rapidly increase when the energy of incident light ~ω approaches that of an elec-
tronic transition.
One can estimate the enhancement factor of resonance Raman (RR) with respect to
far-from resonance Raman (Ra) as the ratio between the two intensities; let’s assume a
condition in which A−term is dominant (which is most often the case when the resonant
electronic transition is electric-dipole allowed) and the damping constant for the resonant
electronic excited state ΓR can be neglected. Referring to eq. 1.60 we get
Ii→f ∝ (ω0 − ωn)4 (ω0 − ωn)
2(ω20 + ω
2
R)
(ω2R − ω20)2
(1.66)
which has to be corrected for the ω4 dependence of scattered intensity:
IRR
IRa
∝ (ω0 − ωn)
2(ω20 + ω
2
R)
(ω2R − ω20)2
(1.67)
This ratio represents the resonance enhancement via the A−term mechanism which
strongly increase for ω0 → ωR albeit it alredy occurs for excitation frequencies relatively
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far away from the resonance condition. The enhancement factor, as shown in [10], is
plotted in fig. 1.8 as a function of the difference νR − ν0.
Figure 1.8: Resonant enhancement via A-term as a function of frequency shift νR−ν0
(cm−1).
1.3 Surface-Enhanced Raman Scattering
The surface-enhancement effect was discovered accidentally by Fleischmann, Hendra
and McQuillan in 1974[11], who observed unusually strong Raman signals from pyridine
adsorbed on a rough silver electrode. Their intent was to employ Raman spectroscopy
to study the adsorption of molecules at metal surfaces since molecules can adsorb in
many different ways, each one influencing the vibrational modes of the molecule itself.
Today the surface-enhancement of Raman signals is understood to mostly arise from a
strong coupling between the EM field of incident radiation and the polarization of the
analyte in proximity of a metal surface, due to the excitation of LSPR (sec. 1.1.2).
This enhancement is known as Electromagnetic enhancement and is believed to be the
dominant enhancement mechanism, but not the only one. Indeed, there is another kind
of enhancement which arises by the “direct” interaction of the quantum wave function
of the molecule with the ones inside the metal; the “adsorption” of the molecule on the
metal surface leads to the creation of a metal-adsorbate complex, creating new channels
for charge transfer between the molecule and the substrate, which affect the Raman
polarizability tensor and could result both in a quenching effect or in enhancement of
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the fluorescence.
This so called Chemical enhancement occurs when the modified polarizability is more
resonant with the excitating radiation than the original one, thus the Raman intensity
is naturally enhanced by the resonant scattering process (see sec. 1.2.3).
The enhancement process can be achieved using a number of substrates, including rough-
ened metallic surfaces, structured metal arrays and metal nanoparticles in colloidal sus-
pension.
Since in this work we’re dealing with colloids, it is convenient to take as starting point
the Mie theory of scattering and absorption by spherical particles.
In sec. 1.1.1 we found that the incident electric field Ei(ω0) may induce an electric dipole
moment in a metal spherical particle, producing an additional electric field component
Esc(ω0) in the proximity of the sphere, resulting in a total field
Etot(ω0) = E
i(ω0) + E
sc(ω0) (1.68)
The enhancement factor is given by
FE(ω0) =
|Ei(ω0) + Esc(ω0)|
|Ei(ω0)| (1.69)
and increases as much as the frequence of the incident radiation fulfills the resonance
conditions with the LSPR of the sphere, i.e. the imaginary part of the dielectric constant
εi of the metal is small and the real part approaches −2εm, where εm is the dielectric
function of the medium sorrounding the sphere.
A molecule that is located in close proximity to the sphere, or directly adsorbed on it, is
subjected to the field Etot(ω0) = FEE
i(ω0) which may induce Raman scattering; albeit
the scattered radiation is frequency-shifted by the frequency of a vibrational mode n,
its electric field ERa(ω0 ± ωn) approximately matches the LSPR resonance condition,
inducing a secondary electric field component ERa,ind(ω0 ± ωn) in the metal.
In analogy to eq. 1.69, the electric field of the Raman scattered light is enhanced by a
factor
FE,Ra(ω0 ± ωn) = |E
Ra(ω0 ± ωn) + ERa,ind(ω0 ± ωn)|
|ERa(ω0 ± ωn)| . (1.70)
This create a sort of “stimulated” Raman effect, which is therefore proportional to
FE,Ra, and thus, the total electromagnetic enhancement factor of the Raman intensity
is FSER(ω0 ± ωn) = [FE(ω0) · FRa,ind]2.
Due to eq. 1.70, even an enhancement factor of 10 for the electric field yields a total
enhancement of the Raman intensity of 104. The enhancement factor itself depends on
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the SERS-active substrate, in particular on its material, shape and roughness. A partic-
ulary large enhancement is predicted for substrates that present high roughness and tips.
The highest enhancement factor observed up to now is reached in the junctions be-
tween two or more nanoparticles (Fig 1.9); these regions, known as hot spots, have been
claimed[12] to provide extraordinary enhancements of up to 1015, thus generating a
great deal of interest in the last decade. Many methods have been developed in order to
achieve a controlled fabbrication of hot spots, ranging from wet chemistry to electron-
beam lithography. The simplest way to create hot spots in colloids is the controlled
aggregation of nanoparticles through the addition of salts, but the lack of precise con-
trol in aggregation conditions leads to the irreproducibility of this kind of substrates.
a renaissance in SERS. Hot spots were proposed as the source of the high signal
enhancement required to allow for the detection of single molecules. While average
enhancement factors for ensemble SERS measurements had typically been esti-
mated to be 103–106, the enhancement factors for hot spots thought to be respon-
sible for the single-molecule SERS were estimated to be as high as 1012–1015.
However, differences in the experimental conditions led to different conclusions.
For example, Kneipp et al. reported the observation of Raman spectra from
single molecules of crystal violet in an aqueous solution of aggregated silver
nanoparticles. This was broadly in line with the prevailing theory of SERS in that
clusters will contain extremely intense localized electromagnetic fields in the
interstitial spaces due to local surface plasmon resonance interactions. However,
Nie and Emory reported single-molecule SERS for rhodamine 6G (Rh6G)–
adsorbed to silver nanoparticles, not only for clusters but also for isolated
nanoparticles where the electromagnetic enhancement is relatively weak. This
suggested that the majority of the enhancement originated from molecules adsorbed
to preferential binding sites and raised questions about whether hot spots in
aggregated nanostructures were a feature of the aggregate geometry or the inclusion
of hot particles.
Figure 10.1 summarizes the different types of generic hot spots that have been
proposed in the literature. These include (a) those formed between two closely
spaced nanoparticles by the coupled plasmon, (b) hot spots formed at sharp
nanoscale geometrical features through the “lightening rod” effect, and (c) highly
enhancing chemically active binding sites. The ambiguity in the exact enhancement
mechanism at work within the observed hot spots and the number of active
molecules, the magnitude of hot spot enhancement, and the lack of a robust method
to define the single molecular signature have led to much debate within the
literature [24, 25]. However, it is clear that the properties of any SERS active
λ = 559 nm
enhancement factors
on the surface:
colloid 2 nm
a b
c
108 107 106 105
Fig. 10.1 Examples of different types of generic hot spot: (a) The hot spot formed between two
closely placed nanoparticles resulting from a coupled plasmon resonance, (b) The hot spot formed
at a sharp geometrical feature and (c) surface complex formed when a molecule adsorbs strongly
onto a metal surface (Figure reproduced from Refs. [19, 20] and [21])
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Figure 1.9: Electric field enhancement in the region between two nanoparticles [13].
The enhancement of the local electric field in presence of tips, due to the lightning-rod
effect, also suggested the fabbrication of nonspherical particles with sharp corners and
edges such as nanoprisms, nanostars, nanorods and nanocubes; SEM image of branched
gold nanostructures that I synthesized during this thesis work is reported in Fig. 1.10.
Figure 1.10: SEM image
of branched gold nanostruc-
tures.
Conceptually, there is an important difference between the
electromagnetic and chemical enhancement, albeit they oc-
cur simultaneously:
• electromagnetic enhancement is property of the sub-
strate and is independent on SERS activity: it would
exist by itself, even in he abse ce of a Raman-active
molecule; it is just an enhancement of the EM field
which is revealed when a probe is located in proxim-
ity of the substrate since it affects the optical activity
of the probe itself;
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• chemical enhancement is an intrinsec property of Ra-
man effect since it arises when new channels for res-
onance Raman scattering are allowed due to direct
interactions between the probe and the substrate and
it’s less dependent on the shape of the metal.
It is possible to evaluate the two contributions to SERS enhancement by choosing sub-
strates that provide an accurate measure of the EM enhancement. This is the case of
metallic bowtie nanoantennas produced by electron-beam lithography [14]. They con-
sist of two metallic triangles oriented tip to tip (Fig. 1.11) with controllable gap (up to
20nm) and measured EM enhancement.
Measuring the total SERS enhancement and subtracting the EM enhancement es-
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Figure 1.11: SEM images of a metallic bowtie nanoantenna [6].
timated by computational methods, it was found that some molecules experience a
chemical enhancement of 104 near the bowtie gap.
1.3.1 Surface-Enhanced Resonant Raman Scattering
In a SERS experiment it is often needed to detect molecules in extremely low concen-
trations, down to single molecule level; if the analyte is tagged with a chromophore,
Raman signal can be extremely enhanced by means of a techniq e referred to as surface
enhanced resonance Raman scattering (SERRS). For SERRS to occur, the analyte must
be tagged with a chromophore and adsorbed on a suitable metal substrate. Further-
more, the excitation frequency requires to be close to or coincident with an electronic
transitio of the chromophore.
However, before SERRS be exploited as an analytical method a suitable substrate and
a reliable procedure are desired, which yield reproducible results. One of the main diffi-
culty is to avoid the excitation of non-SERRS optical activities, which will contaminate
the Raman signal. Exciting the analyte with a frequency close to an electronic transition
of its chromophore often leads to the excitation of fluorescence, that produces an intense
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background signal which could overwhelm SERRS signals by many orders of magnitude,
thus hiding Raman activity.
However fluorescence quenching appears to be effective with many dyes which chemisorb
to certain metal surface, such as gold nanoparticles for which fluorescence quenching has
been observed [15] due to energy transfer to the metal.
Note that when SERS is measured with a probe in resonance conditions, it is referred to
as SERRS, but the main enhancement mechanisms are the same; resonance enhancement
simply means that the vibrational modes of a chromophore within a molecule selectively
gain intensity when the excitation line is in resonance with an electronic transition.
Chapter 2
Metal Nanoparticles
In recent years a lot of investigations in the design and study of nanostructures for
biological and biomedical applications were developed. Noble metal nanoparticles, in
particular gold nanoparticles, have attracted much attention because of their low toxic-
ity and the possibility of being attached to molecules of biological interest.
Accurate and sensitive detection of analytes is an important measure in preclinical and
clinical research fields, including biomedicine. Nanomaterials have been widely used as
sensitive and stable biosensor, for bioanalysis [16] in general and immunosensing fields
in particular [17].
The ancient idea of drinkable gold as a therapeutic agent1 (the Medieval Aurum pota-
bile) is not so far somehow from today’s use of gold nanoparticles as agents for cancer
photothermal therapy or as drug carriers [18], or from the well known antimicrobial
activity of colloidal silver [19].
The use of metal nanostructures for medical purposes, however, can not be separated
from the study of a surface coating which ensures stability and biocompatibility of
colloids in biological media. Furthermore, the possibility of using the nanostructures for
drug delivery has made it necessary to study the reactivity of functional groups such
as carboxyles, thiols and amines with the metal surfaces, in order to choose surfactants
that would guarantee a good stability of the system.
2.1 Synthesis
In the 20th century several techniques to tailor nanostructures of any size, shape and
material, mostly based on a wet chemistry approach, were developed and reviewed: from
1The Medieval alchemist Paracelsus wrote: “Of all Elixirs, Gold is supreme and the most important
for us... gold can keep the body indestructible... Drinkable gold will cure all illnesses, it renews and
restores”.
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spherical nanocrystals [20], to nanorods [21], to bimetallic branched nanostructures [22].
When colloidal metal NPs are fabricated via a bottom-up approach, the synthesis is
most often based on the reduction of metal salts in aqueous solution or organic media,
in the presence of stabilizing agents (surfactants or ligands) needed to prevent nanopar-
ticle agglomeration. Indeed, the stability of the colloid is often based on the mutual
electrostatic repulsion between the Nps: their electric charge is provided by the mother
surfactant which is generally negatively charged in the reactions that we will consider.
There is also a so-called steric stabilization, due to the adsorption on the nanoparticles of
relatively long polymers with strong “attractive” interactions with the solvent molecules
and low or no interactions between themselves (nor the container material...); this is the
case for colloids stabilized by relatively long PEG chains.
Since gold, platinum and silver possess the lowest ionization tendencies among metals,
they scarcely react with surrounding substances, and this make it is easy to control the
shape and size of noble metals nanostructures.
With a proper choice of the reactants, it is possible to finely tune the size and the shape
of the nanostructures; e.g. the main difficulty in tuning the size of Ag Nps in water
is the gradual oxidation of silver; choosing a strong reducing agent that accelerate the
reduction of Ag+ ions to Ag0, promotes a very fast nucleation of silver into larger nanos-
tructures, before their oxidation.
Choosing a proper surfactant is also crucial in producing nanostructures of different
shapes, e.g. it has been demonstrated[23] that iodide ions can stabilize certain crys-
talline facets of silver and thus guide the growth of metal nanocrystals in a taylored
crystallographic direction.
2.2 Surface coating
As just discussed in the previous introduction, stability and reactivity of colloidal metal
Nps depend on their surface coating. Tipically to coat metal Nps in acqueous media, the
mother surfactant is substituted by ligand molecules which are highly reactive toward
metal substrates at one side, and which show hydrophilic behaviour at the oder end.
Since the stability of the colloid relies on the mutual electrostatic repulsion between
Nps, it is crucial for the surface coating substitution to be done with molecules that
bear functional groups with a net electric charge (e.g. carboxylic acid or amino groups).
In this thesis work, two engineered six-aminoacid peptides (Fig. 2.1) were employed to
functionalize metal Nps. They differ only in the last aminoacid (C-terminal, blue boxes)
which is responsible for the subsequent functionalization of Nps.
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Figure 2.1: Scheme of hexapeptides employed in Nps coating.
Thiol-based organic stabilizers have been widely used as capping agents to stabilize Au
Nps, thus peptides are expected to link to Nps surface by cysteine; also amines can
show a good interaction with gold surface[24]. Thus, on one hand it is expected that
this feature increases the stability of the gold-peptide interaction thanks to the presence
of both amine and thiol on the N-terminal part. On the other hand, in particular for
K-peptide, this means that peptides could interact with the gold surface by both ends,
leading to the precipitation of the colloid.
This can be avoided by controlling the temperature at which the ligand-substitution is
made [25]. Indeed, at lower temperature, the entalpic contribute is dominant over the
entropic one, thus the stronger interaction is favored.
Figure 2.2: Scheme of a self-assembled monolayer built by hexapeptides linked or-
thogonal to the Nps surface.
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This is schematically shown in Fig. 2.2. Hexapeptides link to the nanoparticle by cys-
teine and are arranged almost orthogonal to the surface promoting the creation of a
hydrophobic region due to the four non-polar aminoacids which drive a high level of sur-
face organization around the nanostructure forming a self-assembled monolayer (SAM)
which excludes water from the core and therefore stabilize the whole system.
2.3 Techniques for the analysis of the nanoparticles
In this section some methods for the characterization of metal nanoparticles are pre-
sented: UV spectroscopy, gel electrophoresis, dynamic light scattering, electron mi-
croscopy and energy dispersive x-ray spectroscopy. Since each of them provides unique
information about size, shape, electric charge, aggregation state and surface function-
alization of the nanoparticles, it would be recommended to consider each technique as
preliminar to the next in terms of cost and time of measurement.
2.3.1 UV/visible spectroscopy
A fast and simple way to study the optical properties of metal nanoparticles is to place
the sample between a light source and a detector and to compare the intensities of light
transmitted by the sample and impinging on it. Fig. 2.3 shows a typical optical system
for UV/visible spectroscopy: a dual beam spectrophotometer.
41
Instrumentation
which reduces throughput and sensitivity. For high 
sensitivity, long measurement times may be required. In 
addition, th  more complex mechan cal de ign of the 
dual-beam spectrophotometer may result in poorer 
reliability.
Figure 26
Optical system of a dual-beam spectrophotometer
Traditionally, the higher stability of dual-beam instruments 
has been a major factor in the design of high-performance 
spectrophotometers. However, recent advances in lamp and 
electronics design have improved the stability of the 
single-beam spectrophotometer and led to the resurgence 
of this configuration. Single-beam instruments offer higher 
sensitivity and greater ease of use, with drift typically only a 
factor of two worse than that of dual-beam instruments.
The first commercially available diode array 
spectrophotometer, the HP 8450A, was a multibeam design 
(see Figure 27). The beam director is used to shift the beam 
alternately through the reference position and as many as 
four sample positions (for clarity only one is shown in the 
figure).
Detector
Reference
Sample
Chopper
Dispersion
device
Exit
slit
Monochromator
Entrance
slitSource
Figure 2.3: Optical system of a dual-beam spectrophotometer[2]. The radiation
emitted by the source is filtered by the monochromator, and then directed alternatively
across the sample and the reference by means of a chopper. Both the beams are directed
towards the detector and the difference between the two light intensities is measured.
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Tipically in a UV/Vis spectroscopy measurement a beam of light of intensity I0 interacts
with the analyte and the transmitted light is collected by a detector. The transmittance
T of the sample is defined as the ratio of the intensities of transmitted light (I) over
incident light.
Usually the analyte is dispersed in a solution with concentration C and stored in a cu-
vette of optical path l; the fraction of light absorbed is reported in terms of absorbance
A(λ), defined as A = −log10(T ) thus, basically, absorbance and transmittance provide
the same information as we can see from Fig. 2.4, but usually the former is used since re-
lationship between absorbance and both concentration and path length is linear. Indeed,
the following relation holds:
A(λ) = Cεl (2.1)
which is the Lambert-Beer law; ε is the molar extinction coefficient, given as a func-
tion of the wavelength and expressed in lmol−1cm−1, which is an intrinsic property of
chemical species that gives information on how strongly light at a given wavelength is
absorbed.
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Sample Preparation 
If samples are provided as a solution, we recommend sending at least 1 mL of your sample for 
measurement in a standard quartz cuvette.  We can test volumes as small as 100 L using a 
microcell, though typically with slightly higher levels of noise, and in this case suggest sending 
at least 200 L of your sample.  In addition, we suggest sending 2-5 mL of the solvent used to 
disperse your material, to be used to measure the solvent background and for any necessary 
dilution of your sample. 
 
If sending a powder, please provide 5-10 mL of the necessary solvent for suspending the 
material, along with any specialized instructions for suspension (e.g, bath sonication, vortexing, 
etc.). 
 
 
Interpreting UV/Vis/IR Spectroscopy D ta 
TRANSMITTANCE AND ABSORBANCE 
The transmittance of a sample (T) is defined as the 
fraction of photons that pass through the sample 
over the incident number of photons, i.e., T = I/I0.  
In a typical UV/vis spectroscopy measurement, we 
are measuring those photons that are not 
absorbed or scattered by the sample.  It is 
common to report the absorbance (A) of the 
sample, which is related to the transmittance by A 
= -log10(T).  Figure 1 illustrates the relationship 
between transmittance and absorbance; the upper 
plot is the absorbance spectrum of 50 nm gold 
nanoparticles, and the lower plot shows the 
calculated transmittance.  In the near IR, where 
the sample does not absorb strongly, the 
transmittance is close to 100%.  In the UV portion 
of the spectrum, where the sample absorbs 
strongly, the transmittance drops to around 10% 
or less.   
 
 
 
Figure 1.  The absorbance (upper) and 
transmission (lower) spectra from a 
dispersion of 50 nm gold nanoparticles. 
Figure 2.4: Absorbance (Optical Density) and transmittance of colloidal gold (∼50nm
Nps)[3]
The unique optical properties of metal Nps arise when measuring the absorbance of
a colloidal suspension at each wavelength, plotting the extinction spectrum which
shows extinction peaks at specific wavelengths, corresponding to particles’ LSPR (see
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section 1.1.2). The shape, width and intensity of the plasmon band of metal Nps provide
preliminary information on their shape and dispersion in the colloid and, if the sample
is known, on their concentration. E.g. Fig. 2.5 shows the extinction spectra of some
nanostructures that I synthesized in this thesis work. For each of them the maximum in
absorption is reached at a well defined frequency (sec. 1.1.2) and every plasmonic band
shows unique shape and sharpness (e.g. for Pt corrugated nanospheres, see sec. 4.1.3,
the plasmon resonance seems very broad); also notice that Au nanostars exhibit two
plasmonic bands: this is typical for anisotropic nanoparticles which have many charge
oscillation modes.
If a LSPR at a certain frequency is expected and a considerable shift is found, it is a
clear signal that something has gone wrong with the synthesis and this prevents further
expensive checks with other techniques, such as electron microscopy.
Notice from Fig. 2.5 that all measured spectra are characterized by a continuous
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Figure 2.5: Extinction spectra of platinum nanospheres of ∼100nm (Pt), gold
nanospheres of ∼40nm (Au), silver nanospheres of ∼30nm (Ag) and gold nanostars
of ∼70nm (AuS).
background which decreases with increasing wavelengths; this happens because incident
light is elastically scattered (Rayleigh scattering, see 1.2.2) in all directions and, thus,
does not reach the detector, being interpreted as absorbed light by the instrument. The
intensity of Rayleigh scattering is proportional to λ−4, i.e. scattering is more intense
towards the blue end of the spectrum. In order to see this phenomenon when there is
only Rayleigh scattering of light, I show in Fig. 2.6 a comparison between an extinction
Chapter 2. Metal Nanoparticles 27
spectrum of LUDOXr HS 40 (colloidal silica dispersion which behaves as pure Rayleigh
scatterer) that I collected during this thesis work, and the function y = cx−4 with fitting
parameter c.
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Figure 2.6: Comparison between extinction spectrum of LUDOXr and the function
y = cx−4.
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2.3.2 Gel electrophoresis
Gel electrophoresis is a method used in biochemistry and molecular biology for separat-
ing populations of macromocolecules by length, size and charge; molecules are placed in
wells on a polymeric gel (tipically agarose or polyacrylamide gels) and then separated by
applying a uniform electric field in the electrophoresis chamber, where the gel is placed
(Fig .2.7).
Pagina 1 di 1
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Figure 2.7: A typical apparatus for gel electrophoresis experiments. The wells of the
gel are made by inserting a comb into the tray containing the polymer (say agarose)
dissolved in a boiling solution; as the agarose hardens around the comb, wells are
formed.
Molecules move through the gel drifting towards the positive or the negative electrode,
depending on their charge, reaching a limit velocity which is proportional to the electric
field and related to the molecule’s charge and size: smaller molecules move faster than
bigger ones, as well as the higher the electric charge, the faster the molecule. This sug-
gest us that the quantity of interest in this experiment is the size-to-charge ratio.
Applied to metal nanoparticles, a change in particle’s motility can be indicative either
of a succesfull coating or simply of aggregation (e.g. two or more particles drifting
together); note that an accurate analysis of gel electrophoresis can be done if all the
samples run in well defined bands, so that one can make a comparison between the
length of the traces, but this is not always true. There are many reasons for which an
electrophoretic run does not present a clear band, some of which depend on an improper
preparation of the gel.
E.g., if wells in the gel are filled too much, or if the sample is not properly diluted, the
excess sample may smear across the gel. In addition, if the gel is moved after the sample
is placed in the well, it can cause the sample to spill out of the well. This can also cause
smearing.
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However, even if the experiment is set up correctly, it is not obvious for all the samples
to run in bands: Fig. 2.8 shows two gel electrophoresis experiments that I performed
during this thesis work.
Fig. 2.8a reports the results of an improperly set up gel electrophoresis experiment on
silver nanoparticles, in which the wells have been overfilled and all the samples smear
across the gel. In Fig. 2.8b two gel electrophoresis on silver nanoparticles with a properly
prepared gel are shown; sample 1 shows a typical smear and it can’t be compared with
the well defined bands of samples 2 and 3 and this is indicative of the instability of the
colloid (i.e. sample presents aggregates that runs with different velocities).
Figure 2.8: Gel electrophoresis of Ag Nps samples. Smears caused by improper
preparation of the gel in Fig.(a) and electrophoretic runs of silver Nps(1) coated with
different peptides (2 and 3) in Fig.(b). More details in sec. 3.4
2.3.3 Dynamic Light Scattering
Dynamic Light Scattering (DLS) is a quick technique which gives a preliminary estimate
of particles’ size. When small particles are suspended in a fluid, they undergo Brownian
motion: one can exploit this phenomenon, together with Rayleigh scattering of light, to
get information about the hydrodynamic radius of the particles.
Consider an experimental setup like the one in Fig. 2.9: light from a laser source interacts
with the sample, which could be a colloidal suspension of metal nanoparticles, and is
scattered from it and gathered by a detector at specific angles.
If one plots the intensity of the scattered light as a function of time, one obtains
an optical signal that varies randomly with time following the random motion of the
scattering centers. This variation is due to either constructive or destructive interference
of light scattered by close particles changing their mutual distance in time; one can
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Figure 2.9: DLS experimental setup.
extract information about particles’ motion by studying the second order autocorrelation
function:
g2(τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉2 = 1 + [g
1(t)]2 (2.2)
of the intensity of scattered light I(t) over a delay time τ , where g1(t) is the first order
correlation function, which describes the autocorrelation of the electric field. Brackets
〈〉 indicate temporal mean on t.
It is intuitive to think that autocorrelation decays over time, since the scatterers have
great chance to move as time delay increases and so the correlation between two signals
is lost when their mutual position has changed significantly. Once g1(t) is known, one
should extract information from it by fitting the correlation curve with a mathematical
function; the simplest approach is to consider an exponential decay2 g1(t) = exp(−λt),
where the decay rate λ has to be function of a physical quantity that holds information
about particles’ motion. This is a good approach for DLS measurements on a monodis-
perse sample.
Here’s the point: λ ∝ D, where D is the diffusion coefficient of the particles and one can
exploit Einstein-Smoluchowski equation for the diffusion of generic particles in a force
field, to study the motion of a particle in viscous fluids; this leads to Stokes-Einstein
equation:
D =
kBT
6piηrH
(2.3)
where η is the viscosity, kB is Boltzmann’s constant and T is the temperature, which
can be used to evaluate the hydrodynamic radius rH once temperature and viscosity of
the fluid are known.
2This relation holds when considering the scattering of coherent light by scatterers whose mutual
distances are fluctuating for the Brownian motion.
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2.3.4 ζ-Potential
ζ-potential is a measure of the magnitude of the electrostatic repulsion or attraction
between particles, and is one of the fundamental parameters known to affect stability.
Its measurement brings useful information about colloidal nanoparticles: a change in
the ζ-potential may be indicative of a successful coating and a remarkable decrease of
its value could arise from aggregation phenomena.
ζ-potential is not measurable directly, but can be calculated using experimentally-
determined electrophoretic mobility (i.e. the velocity of a particle in a viscous medium
subject to an electric field): when an electric field is applied across an electrolyte, charged
particles suspended in the electrolyte are attracted toward the electrode of opposite
charge. Viscous forces acting on the particles tend to oppose this movement. When
the equilibrium between these two opposing forces is reached, the particles move with
constant velocity. The velocity of the particle is dependent on the following factors:
• the strength of electric field (voltage gradient);
• the dielectric constant of the medium;
• the viscosity of the medium;
• the ζ-potential
The ζ-potential of the particle is obtained by application of the Henry equation:
UE =
2εzf(ka)
3η
(2.4)
where z is the ζ-potential, UE the electrophoretic mobility, ε the dielectric constant
of the medium, η its viscosity and f(ka) is the Henry’s function (ka is the ratio of
particle radius a to the thickness of the electrical double layer3), which is aproximated
to 1.5 in aqueous media. The electrophoresis mobility may be obtained by performing
an electrophoresis experiment in liquid and measuring the velocity of the particles using
Laser Doppler Velocimetry (LDV).
2.3.5 Electron microscopy
Electron microscopy is widely accepted as gold standard for ultimate characterization
of micro- and nanostructures; UV absorption and DLS can provide information about
3In a solution, the electrical double layer is the region over which an increased concentration of
counter-ions takes place due to the presence of a charged particle. Its thickness is given by the Debye
length.
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aproximate size and shape of large ensembles of nanostructures but it is not possible to
finely determine those parameters at single particle level with the methods mentioned
above.
Figure 2.10: Silica-coated upconverting NaYF4 nanocrystals. SEM images by a) SE
electrons and b) BSE electrons.
Nowadays many electron microscopy techniques exist; in particular Transmission Elec-
tron Microscopy (TEM) provides the highest resolutions for imaging of nanometer-sized
structures, involving high energy electron beams (100-400 keV).
In this thesis work I used scanning electron microscopy (SEM): electrons produced by
thermionic emission or field emission are accelerated through a potential difference and
focused onto the sample by means of magnetic lenses.
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and monolayers. Typically, a protocol for the solution-phase
synthesis of Pd–Pt bimetallic nanocrystals involves the
reduction of salt precursors in the presence of a capping agent
and/or a stabilizer. When Pd and Pt precursors are co-reduced
by an appropriate reducing agent in a controllable manner,
Pd–Pt alloy nanocrystals will be formed. The Pd source can
also be supplied in situ through oxidation and dissociation
from Pd nanocrystals due to the galvanic replacement with a
Pt precursor. Seeded growth has proven to be a facile and
versatile route to Pd–Pt bimetallic nanocrystals by using Pd
nanocrystals with well-deﬁned shapes as the seeds. In general,
the resultant Pt atoms are preferentially deposited on the
surface of a Pd seed via an island growth mode due to a
restriction arising from their bonding dissociation energy, leading
to the formation of Pd–Pt nanodendrites. These results were
consistent with the nucleation and growth models originally
developed for epitaxial growth of thin ﬁlms40 and recently
extended to the nanocrystal system by Tian and co-workers.41
By slowing down the reduction rate, together with the use of a
capping agent, Pd–Pt core–shell nanocrystals will be formed via
epitaxial growth. By alternating the addition of Pt and Pd
precursors into the seed solution, Pd–Pt multi-shell nanocrystals
can be generated in a layer-by-layer fashion. It is also feasible to
control the thickness of Pt shell to a monolayer by using
electrochemical deposition of Cu, followed by galvanic replace-
ment with a Pt precursor. In the following sections, we will
discuss how these Pd–Pt bimetallic nanocrystals have been
prepared experimentally, with a focus on the current mechanistic
understanding and possible controls. We expect that these
discussions can also be extended to the synthesis of bimetallic
nanocrystals made of metals other than Pd and Pt.
Co-chemical reduction
Co-chemical reduction is a straightforward method for the facile
synthesis of Pd–Pt alloy nanocrystals, which are interesting for a
variety of catalytic reactions owing to the presence of both Pt and
Pd atoms on the surface.42 Due to their similar electrochemical
potentials: 0.74 V for PtCl6
2/Pt and 0.62 V for PdCl4
2/Pd vs.
a reversible hydrogen electrode (RHE), it is feasible to achieve
simultaneous reduction of both the Pt and Pd precursors. Oil-
phase synthesis at an elevated temperature seems to be
particularly eﬀective in generating Pd–Pt alloy nanocrystals
owing to the formation of a single complex between both the
Pt and Pd precursors with the capping agent present in a
typical synthesis, facilitating the simultaneous reduction. In a
recent publication, Sun and co-workers reported an oil-phase
method for the synthesis of polyhedral Pd–Pt alloy nanocrystals
with controllable sizes (3.5–6.5 nm) and compositions (Pd88Pt12
to Pd34Pt66).
28 This synthesis involved co-reduction of Pd(acac)2
and Pt(acac)2 with morpholine borane (MB) in oleylamine
(OAm) at diﬀerent temperatures (e.g., 90 and 180 1C). The
TEM (Fig. 1A) and high-angle annular dark-ﬁeld scanning
TEM (HAADF-STEM, Fig. 1B) images conﬁrmed the
formation of single-crystal nanoparticles with uniform size and
in high yield. The elemental distribution of Pd and Pt in a
nanocrystal was measured by energy dispersive X-ray (EDX)
mapping. As shown in Fig. 1C, the nanocrystals were made of
a Pd–Pt alloy, with both Pd and Pt uniformly distributed
throughout each particle. The size of the Pd–Pt alloy nanocrystals
could be easily tuned by varying the temperature at whichMBwas
injected. In addition, the composition of the Pd–Pt alloy
nanocrystals could be adjusted by controlling the amounts of
Pd(acac)2 and Pt(acac)2 added into the reaction solution. The
linear dependence with a slope of nearly one (Fig. 1D) implies that
the two precursors were co-reduced at the same rate in generating
the bimetallic nanocrystals.
In another study, Crook and co-workers demonstrated a
template-conﬁned approach to the synthesis of Pt–Pd alloy
nanoparticles by co-chemical reduction of Pd and Pt precur-
sors inside poly(amidoamine) dendrimers of the sixth genera-
tion and terminated in the hydroxyl group.43 This synthesis
involved two steps: (i) loading of Pd and Pt ions into the
dendrimers by complexing with the amine groups inside
the dendrimers, and (ii) the complexed Pd and Pt ions were
co-reduced by an appropriate reducing agent. The use of
dendrimers provides a simple way to control the size of the
nanoparticles, together with narrow size distributions and
small compositional variations. In a typical synthesis, the size
of the alloy nanoparticles could be controlled below 1.8 nm,
together with Pd/Pt molar ratios adjustable from 1 : 5 to 5 : 1,
making them attractive for a number of catalytic applications.
Although great success was achieved in the synthesis of
Pd–Pt alloy nanoparticles via the aforementioned methods, the
products of these syntheses were largely restricted to small
particles (typicallyo5 nm in size) with poorly deﬁned crystal-
linity or morphology. Using an aqueous solution containing
Na2PdCl4, K2PtCl4, and poly(vinyl pyrrolidone) (PVP), we
have demonstrated a co-reduction approach to the synthesis of
Pd–Pt alloy nanocrystals with well-deﬁned shapes.29 In this
synthesis, commercially available PVP with a weak reducing
power derived from its hydroxyl end groups was employed as
Fig. 1 Morphological and structural characterizations of Pd–Pt alloy
nanoparticles (NPs) that were prepared through a co-chemical
reduction approach in the presence of oleylamine at 180 1C: (A)
TEM image, (B) HAADF-STEM image, (C) EDX mapping, and
(D) correlation between the molar percentage of Pt(acac)2 added
into the reaction solution and the atomic percentage of Pt contained
in the ﬁnal product (modiﬁed with permission from ref. 28, copyright
2011 American Chemical Society).
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Figure 2.11: EDX mapping of Pd-Pt
nanocrystals.[4]
Electrons of the primary beam interact
wit the specimen and generate secondary
electrons (SE), which originate from the
ou er layers of the sample and show the
topogra hy of the surface, a d backscat-
tered electrons (BSE), which are gener-
ated below the surface and provide infor-
matio about the material of the sample.
A comparison between images generat d
by SE and BSE electrons is shown in
Fig. 2.10: NaYF4 nanocrystals embedded
into SiO2 shells that I imaged during this
thesis work are shown. SE electrons show
ellipsoidal silica nanostructures, but no in-
formation about their content is provided;
on the other hand BSE electrons from the inner layers of the nanostructures point out
the presence of upconverting crystals inside the shell.
Non-destructive chemical characterization of the nanostructures an be carried out by
analyzing characteristic x-rays produced by the interaction of high energy electrons of
primary beam with the specimen; the so called Energy Dispersive X-rays analysis (EDX)
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provides a plot of the percent abundance of chemical elements and a map of the element
localization superimposed to the nanostructure image.
The latter is helpful for a detailed characterization of bimetallic nanostructures (see
Fig. 2.11) since it ensures that two elements are not only present in the sample but that
they have grown together in the single nanostructure.
Chapter 3
Materials & Methods
During this thesis work I synthesized, functionalized and analyzed nanostructures of
different shapes and materials (mostly metals) and I investigated the possibility to use
some of them as stable SERS probes. In this chapter, the experiments carried out in
the laboratory shall be discussed in detail, starting with the description of the protocols
used for the synthesis and coating of the nanoparticles, followed by information about
setups and methods for their morphological and spectroscopic analysis.
All the syntheses in aqueous media were done in MilliQ water (highly purified and deion-
ized water, registered trademark of Millipore Corporation). Peptides were purchased
from Peptide Protein Research Ltd and fluorophores were obtained from Invitrogen. All
the other chemicals were purchased from Sigma-Aldrich or Carlo Erba Reagents.
Metal Nps washing protocol consisted in centrifugating the sample with Eppendorf Mi-
crocentrifuge 5418 R (speed up to 16873×g (14000 rpm)) followed by withdrawal of the
supernatant and resuspension in MilliQ water.
All the functionalization procedures were carried out by mixing the samples in TEA1
buffer 40mM at pH 7.7 with Eppendorf Thermomixer Comfort provided with tempera-
ture control. Other used buffers were Borate2 40mM at pH 9.3 and PBS 1X3 at pH 7.4
which contains NaCl (8.0 g/l), KCl (0.2 g/l), Na2HPO4 (1.44 g/l) and KH2PO4 (0.24
g/l).
Ultrasonic cavitation was employed to redisperse nanoparticles agglomerates in the col-
loidal solution by applying mechanical stress on the attracting forces between the in-
dividual particles. Sonication procedure was carried out with Sonica 2400 S3 stainless
steel medical ultrasonic bath.
1Triethanolamine
2Sodium tetraborate decahydrate
3Phosphate buffer with salts at concentration similar than the extracellular medium. It does not
contain just one solute, so PBS molarity is addressed to the molarities of the individual components.
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3.1 Synthesis
In this section I describe the synthesis for the production of noble metal (silver, gold and
platinum) nanostructures with different shapes and for hybrid core/shell magnetite/gold
nanoparticles.
3.1.1 Silver nanoparticles
The following three protocols produce silver nanoparticles with different size and coating.
3.1.1.1 Creighton method
An extremely simple synthesis of colloidal silver is based on fast reduction of Silver
Nitrate (AgNO3) by Sodium Borohydride[26] (NaBH4); 1ml of 2.2mM AgNO3 solution
was added dropwise to 25ml of 1mM NaBH4 solution under vigorous stirring in ice/water
cooling bath. The mixture changed from colorless to light yellow and it was left stirring
for half an hour to stabilize the colloid.
Nps produced with this protocol are expected to be roughly spherical with diameters in
the range 1-50 nm and the colloid shall exhibit a good stability with no precipitation
or change in color on standing for several weeks. The result was a highly dispersed
synthesis, both in size and shape, as can be observed in Fig. 4.8 (sec. 4.1.4.
3.1.1.2 Zhang method
This synthesis produces highly monodisperse silver nanoparticles of ∼20nm in a two-step
process which involves fast reduction of Silver Nitrate by Sodium Borohydride, followed
by a growth process controlled by Trisodium Citrate and Polyvinyl Pirrolidone (PVP).
Size control of the nanostructures is determined by the concentration of PVP which
makes the solution more or less viscous, thus impeding or promoting the nucleation rate
of silver, respectively. PVP-stabilized silver Nps with a size ranging from ∼ 5 to ∼ 50
nm are expected[27]. I describe the protocol for producing nanoparticles of ∼20nm.
The following aqueous solutions were prepared:
• 3ml of 30mM AgNO3;
• 10ml of 5mM Trisodium Citrate;
• 1ml of 30mM PVP;
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• 500µl of 17mM NaCl;
All these solution were mixed under stirring for a minute and then 1,5mg NaBH4 was
dissolved in 500µl of MilliQ and added to the mixture with stirring for another two
minutes, obtaining a red-brown solution. The resulting mixture was refluxed at 100◦C
for 24h, and then cooled down to room temperature. The resulting colloid showed a
green-brown colour.
3.1.1.3 Li method
Li method[28] produces monodisperse, quasi-spherical silver nanocrystals (NCs) in wa-
ter; silver nanocrystals are synthesized starting from reduction of AgNO3 by L-Ascorbic
Acid (AA) and stabilized by Trisodium Citrate as surfactant. Potassium Iodide (KI) is
believed to be responsible for the quasi-spherical shape of NCs. Briefly, 50µl of 0.1mM
AA solution was added to 47.5ml of boiling MilliQ water and, after a minute, a mixture
of 1.5ml MilliQ water, 1ml of 0.68mM Citrate, 250µl of 0.3mM AgNO3 and 0.06µM
KI, which was left under incubation at room temperature for 5 minutes, was added to
the boiling aqueous solution of AA. The color changed from colorless to yellow and the
mixture was boiled for an additional hour at 100◦C.
3.1.2 Platinum nanoparticles
Monodisperse[29] platinum nanoparticles finely tunable in size were synthesized by
means of a seed-mediated growth process (Fig. 3.1).
Seeds Nucleation Aggregation
Figure 3.1: Seed-mediated synthesis of nanoparticles.
Pt seeds of 5nm in diameter were synthesized by reduction of Hexachloroplatinic Acid
(H2PtCl6 ·(H2O)6) by Sodium Borohydride. Briefly 3.6ml of aqueous solution 0.2%
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of Hexachloroplatinic Acid were added to 50ml of boiling deionized water and, after
a minute, 1ml of a solution containing Sodium Citrate 1% and Citric Acid 0.05% was
added to the boiling mixture. A rapid addition of freshly prepared 0.08 w% Sodium
Borohydride solution resulted in a rapid change of the colour of the mixture from color-
less to light grey, and after ten minutes the colloid was ready to be cooled down.
The seeds were used to synthesize platinum nanospheres by adding 1ml of seeds and
1ml of a solution containing Sodium Citrate (1%) and L-Ascorbic Acid (1.25%) to 50ml
of cold water, together with different amounts of a 0.4M solution of Hexachloroplatinic
Acid, in order to produce spheres of various sizes, up to ∼30nm in diameter. The so-
lution was heated and brought to a boil under gentle stirring for 30’ and the synthesis
was then left cool down to room temperature.
Pt nanospheres up to ∼180nm in diameter were synthesized by following the aforemen-
tioned procedure, but using Pt nanoparticles of 10 to 30nm in diameter as seeds.
3.1.3 Gold nanoparticles
Monodisperse spherical gold nanoparticles were synthesized following Zhong method[30]
which is a seed-mediated synthesis. Gold seeds were prepared by reducing Au3+ from
100ml aqueous solution of HAuCl4 1mM with sodium acrylate 24mM. After refluxing
the solution for 30’, gold seeds of 14nm were produced. Subsequently all the seeds were
mixed to 15ml of 25mM HAuCl4 solution and diluited in 845ml of MilliQ water.
The mixture was then brought to pH 7 and 40ml of 0.5M acrylic acid solution was added;
after 3 days of continuous stirring at 22◦C, gold nanoparticles of ∼30nm were produced.
3.1.4 Gold nanostars
Anisotropic growth of gold nanoparticles was obtained by a seed-mediated synthesis
following a protocol[31] with some modifications. Briefly, gold seeds of ∼12nm were
synthesized by mixing 1.5mg of PVP-104 and 100µl of a 25mM aqueous solution of
Chloroauric Acid (HAuCl4) with 10ml of Ethanol. As 500µl of a 0.1M NaBH4 solution
were added, the colour changed from colorless to pink. The solution was kept under
vigorous stirring for 2’ and the final product presented a pink-orange colour.
Gold nanostars tunable in size were synthesized by adding 300µl of a 25mM aqueous
solution of HAuCl4 and different amounts of gold seeds to 15ml of Dimethylformamide
(DMF) with 1.5g of PVP-10 previously left under sonication for 5’. The solution was
4Average mol wt 10,000.
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kept under gentle stirring for 30’ and then centrifugated (14000 rpm for 15’); the pre-
cipitate was resuspended in 1.5ml of MilliQ water.
3.1.5 Fe3O4/Au Core/Shell nanostructures
In this section the synthesis of gold nanostructures with magnetic core is reported.
Au seeds of∼ 2 nm were synthesized by mixing 20 ml MilliQ water with 10 µl Polystyrene
sulfonate (PSS) and 200 µl of a 25 mM aqueous solution of Chloroauric Acid (HAuCl4).
While under vigorous stirring, 200 µl of NaBH4 solution (4 mg/ml) was added and the
color of solution istantly changed from colorless to red; other two minutes of continuous
stirring were required to stabilize the colloid.
Fe3O4 Nps of ∼12nm with iron concentration of 58.8 mg/l were available at NEST,
synthesized and made water-soluble by following a protocol[32] based on addition of
amphiphilic molecules to the hydrophobic native capping (i.e. oleic acid).
To the freshly prepared Au seeds, 400 µl of Fe3O4 nanoparticles previously left under
sonication for 5’ were added, and the solution was left under gentle stirring overnight
at room temperature. The so obtained Fe3O4 Nps covered by Au seeds were washed
thrice by centrifugation (14000 rpm for 10’) in order to remove the free seeds. The
nanostructures were finally resuspended in 400 µl of MilliQ water.
Gold shells growth was attempted by an iterative method; briefly, to 100 µl of Fe3O4
Nps covered by Au seeds, 800 µl MilliQ water, 5 µl of the 25 mM aqueous solution
of HAuCl4 and 2.5 µl of Hydroxylamine (NH2OH) 0.2 M were added and the solution
was left under sonication for 5’; color changed from brown to light pink. Each time the
addition of HAuCl4 and NH2OH was repeated, the color of the solution switched to a
more intense pink.
Up to now, the iterations result in an increased size of gold seeds but we still have not
managed to build a complete gold shell around the Fe3O4 core. Fig. 3.2 shows a scheme
of the aforementioned synthesis.
Figure 3.2: Schematic representation of the synthetic process of gold nanostructures
with magnetic core.
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3.2 Nps functionalization
The functionalization of Nps with peptides and dyes was performed by following a pub-
lished protocol[33]. Dye functionalization and silica coating of gold nanostars were
carried out by improving a different existing procedure[34] which is described separately
for ease of reading.
3.2.1 Peptidic coatings and dye functionalization
In order to coat, water-stabilize and functionalize metal Nps, N- and K- hexapeptides
(see sec. 2.2) were employed.
Briefly, for peptide substitution, 1 ml of the native solution of the colloid was precipitated
by a centrifugation cycle of 7′ at 14000 rpm and resuspended in a solution of 900 µl TEA
40 mM and 100 µl of N− or K− peptide (1 mg/ml) in DMF; the solution was left under
stirring (700 rpm, 90′) at 4◦C.
The resulting encapsulated Nps were washed thrice by cycles of centrifugation (14000
rpm for 8’) and resuspension in MilliQ water to remove the non-conjugated peptides
and finally resuspended in 1 ml TEA buffer.
To reach the functionalization of silver, gold and platinum Nps with fluorophores, I
have followed two different procedures, obtaining in process A the presence of the flu-
orophores on the external end of the peptidic coating, and in process B nanoparticles
with the fluorophore very close to the surface.
Process A: N− and K− hexapeptides were modified as follows: to 150 µl anhydrous
DMF solution of K−peptide (about 1 mg/ml), 20 µl of Atto425-NHS dye 10 mM were
added, and the resulting solution was diluited to 500 µl in DMF and kept under stirring
at RT overnight. This solution was stored at -20◦C and used without further purifica-
tions. This protocol was also adopted for Alexa350 fluor.
To obtain Fluoresceine-modified N−peptide, 100 µl of 21 mM EDC/NHS5 fresh water
solution were mixed to a DMF solution containing 150 µl N−peptide (1 mg/ml) and
1 mg Fluoresceincadaverine. The resulting solution was diluited to 500 µl in DMF and
kept under stirring at RT overnight. This solution was stored at -20◦C and used without
further purifications.
Process B : Atto 425 dye, Alexa350 fluor, Alexa 405 fluor and Fluoresceine were mod-
ified as follows: To 300 µl anhydrous DMF, 10 µl of dye and 1 µl of cystamina (25
mg/ml) were added, and the mix kept stirring overnight at RT. Then, 30 µg of tris(2-
carboxyethyl)phosphine (TCEP) were added, and the solution left to react for another
5EDC = N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide, NHS = N-hydroxysuccinimide
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2 hour. This solution was stored at -20◦C and used without further purifications.
The dye-functionalized Nps were obtained by following exactly the same protocol shown
for peptide substitution, but adding solutions of 950 µl TEA and 50 µl of thiolated
fluorophores, or 900 µl TEA and 100 µl of modified hexapeptides to the precipitated
native solutions of Nps.
3.2.1.1 Dye quantification
For the quantification of the number of peptides and fluorophores linked to the Nps, I
employed the following protocol[35]: functionalized Nps were precipitated by centrifu-
gation at 14000 rpm for 8’ and resuspended in 50 µl of a freshly prepared solution of
dithiothreitol (DTT) 0.1 M, to liberate the covalently linked peptides and fluorophores
from the Nps. The solution was left under stirring (450 rpm) at 37◦C for 15’, followed
by 30’ at room temperature. The solution was centrifuged at 14000 rpm for 5’ and
the supernatant containing the free dyes was resuspended in 150 µl TEA 40 mM and
analyzed by UV-Vis spectroscopy.
3.2.2 Functionalization of Au nanostars
To functionalize gold nanostars, 100 µl of native solution of Au nanostars were rinsed
twice in MilliQ water to remove the excess DMF and then resuspended in 1 ml EtOH6;
10 µl of 50 µM Methanol solution of DTTC7 were added to the colloid and left under
stirring (500 rpm, 30′) at room temperature.
DTTC-tagged Au nanostars were purified from the excess dye by means of three cycles
of centrifugation (14000 rpm, 5′) and then resuspended in MilliQ water.
The silica coating was performed by resuspending the DTTC-tagged Au nanostars in
1ml of a 5% NH3 solution in EtOH and by adding 10 µl of freshly prepared 10% solution
of Tetraethyl orthosilicate (TEOS) in EtOH; the solution was left under gentle stirring
(350 rpm) for 3h at 25◦C.
The so obtained silica-coated nanostars were washed thrice to prevent corrosion of the
nanostructures by ammonia and resuspended in 1 ml EtOH. Fig. 3.3 shows a scheme of
the reported functionalization.
6Shorthand for ethanol.
73, 3′-Diethylthiatricarbocyanine iodide
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Figure 3.3: Scheme of Au nanostars’ functionalization and coating processes.
3.3 UV/Vis Spectrofluorimetry
Extinction spectra were collected by means of a double beam spectrophotometer Jasco
V-550 UV/VIS equipped with quartz cuvettes of 10 mm path length. All samples were
analyzed in solution of MilliQ water and Triethanolamine (TEA) 40 mM buffer at con-
trolled pH 7.7, except for silica-coated gold nanostars, for which EtOH was employed.
The following experimental parameters were adopted: slits = 5 nm, scanning speed
= 200 nm/min, data pitch = 0.5 nm.
The concentrations of the solutions were adjusted to ensure that the maximum ab-
sorbance of each sample was below 100 mAU8. All the reported spectra were normalized
to the maximum absorbance.
All absorption measurements were carried out according to the following steps:
• a full-wavelength scan was recorded once with no cuvettes into the spectropho-
tometer chamber
• two nominally identical cuvettes were filled with 150 µl of solvent and placed
into the sample and reference chambers of the double-beam spectrophotometer
and an extinction spectrum was collected and employed for an automatic baseline
correction in subsequent extinction spectra;
• a proper quantity of sample was added to the solvent solution contained in the
measurement cuvette and the extinction spectrum was collected.
After the extinction spectra, fluorescence spectra of the samples were recorded by
means of a Cary Eclipse fluorometer (Varian, Palo Alto, CA). Excitation and emission
band-pass of 5 nm was employed, a scan rate of 60 nm/min and the photomultiplier
8mAU stands for milli-absorbance units, a logarithmic unit used to measure optical density (see
2.3.1).
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voltage was manually set to a value varying from 400V to 800V depending on dye con-
centration of the sample.
Each spectrum was collected five times and averaged for noise reduction.
3.4 Electrophoresis
Electrophoresis analyses were performed on 0.4-0.6% agarose gels9 in Tris-Borate EDTA
(TBE) buffer 0.5X; agarose gel was prepared as follows: 0.4-0.6 g of Agarose powder
were dissolved into 100ml TBE 0.5X brought to a boil and the solution was allowed to
solidify into a mold by storing it at 4◦C for 20′.
Tipically 200 µl of the Nps sample was precipitated by centrifugation and 8 µl of a
solution of Glycerol (50% v/v) in water was added to the precipitate. Each sample was
left under sonication for 1’ before the analysis.
Electrophoretic runs were imaged with a common camera by placing the gel both on
white and dark background: this helped to distinguish bands of different color in the
same run.
3.5 Dynamic Light Scattering
Dynamic Light Scattering (DLS) measurements were performed with Zetasizer nano ZS
DLS (Malvern Instrument) on 1 ml of the colloidal solutions at controlled pH 7.7, de-
fined by the 40mM TEA buffer in water.
The measurements of hydrodynamic radius were performed in standard capillary cells
DTS 1060 for size-measurements, by manually setting the duration of the measurements
to 10s; each measurement was performed thrice and the average value was reported.
ζ-potential analyses were carried out in ZEN0040 disposable cuvettes.
3.6 Electron microscopy
For scanning electron microscopy (SEM) analysis, a drop of the colloid was left to dry
on an n-doped silicon chip and imaged on a ZEISS Merlin SEM controlled by the Zeiss
9Choice of Agarose concentration depends on the size of the Nps to be analyzed, since it determines
the porosity of the gel itself.
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SmartSEM software. The system is also fitted with a dual joystick for stage control and
specimen navigation and with a keyboard control panel for direct access to the most
frequently used functions on the SEM, such as focus, magnification or stigmation.
Working distances (i.e. the distance between the underside of the objective lens and the
specimen, if properly focused) varying from 1.5 to 2.5 mm were employed. Accelerating
voltages from 1kV to 5kV were employed for almost all the nanoparticles except for
the analyses of silica-coated nanostructures, which were performed at an accelerating
voltage of 10kV .
3.7 Raman spectroscopy
SERS spectra of silver and gold Nps were collected exciting with a 561 CW Oxyus
PS-003 laser operating at 561 nm with 150 mW output power or a BeamLok Spectra-
Physics Ar/Kr Ion Laser operating at 413 nm with 300 mW output power or at 350
nm with 12 mW output power; the inelastically scattered light was collected through
a Nikon objective coupled with a bundle of optical fibers to an ACTON spectrometer
Spectra Pro-300i equipped with 1200 g/mm gratings and with a nitrogen-cooled CCD
for multichannel detection or to a Horiba iHR550 spectrometer with the same gratings’
characteristics.
Figure 3.4: Experimental setup for SERS measurements. 1) ArKr Ion Laser, 2)
mobile mirror, 3) 561 Yellow Laser, 4) converging lens, 5) excitation filter, 6) emission
filter, 7) cuvette, 8) Nikon objective, 9) optical fiber, 10) spectrometer, 11) nitrogen
cooled CCD.
A band-pass filter was employed as excitation filter placed between the laser source and
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the sample; for the experiments with silver Nps with the Ar/Kr laser operating at 413
nm, we chose a Chroma Z406/20 filter which allows wavelengths from 396 nm to 416
nm to be transmitted, and a Chroma Z561/10 filter for collecting SERS spectra with
the 561 Oxyus laser.
A long-pass filter was placed before the optical fiber for the purpose of filtering the stray
light10 that would otherwise overwhelm the Raman peaks; a Semrock LP02-568RU and
an LP02-420RU were employed for the two laser sources.
Before starting with Raman spectra acquisition, I performed a spectrometer calibration
which consisted in centering the optical fiber with the input of the detector and correcting
the spectrometer offset with two short acquisitions with the 413 nm and 561 nm laser
lines at 0 cm−1; moreover, for the BeamLok laser, I proceeded with the alignment of
laser cavity by finely tuning two screws connected with the optical cavity itself.
Proper alignment of the optical system was checked prior to each measurement by the
acquisition of a Raman spectrum of Acetone (Fig. 3.5), maximizing the intensity of the
Raman peak at 785 cm−1.
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Figure 3.5: Raman spectrum of Acetone.
For SERS measurement a total amount of 15 µl of the solution were employed with
quartz cuvettes of 1 mm path length and, for each sample, three Raman spectra were
collected (Fig. 3.6):
• native solution of Nps;
10In optical systems, the stray light is the light that was not intended in the design (e.g. diffuse
reflection of the incoming light beam by the surface of the monochromator).
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• solution of functionalized Nps;
• fluorophore;
plus a spectrum of laser-irradiated colloidal silica (Ludox), which should only elastically
scatter light, a white spectrum obtained by irradiating Ludox with a microscope lamp to
correct for the spectral response of the components of the Raman experimental setup11,
and a dark measurement with the laser turned off, to test the shielding efficiency of the
black box from external light sources.
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Figure 3.6: Example of Raman spectra acquisition.
For silica-coated gold nanostars, SERS spectra were collected using a inVia Renishaw
Raman Microscope (Fig. 3.7) provided with Upright Leica optical microscope allowing
confocal measurements and equipped with two lasers operating at 532 nm and 785 nm,
respectively, with laser spot size continuously variable from 1 to 300 µm. Declared power
measured at output aperture is 300±30 mW.
The system was also equipped with inVia spectrometer provided with dual gratings
(1800 or 1200 l/mm) and front illuminated CCD with Peltier cooling to 70◦C.
Prior to any measurement, the samples were resuspended in MilliQ water and, Raman
spectra of functionalized nanostars, of the native solution of Nps and of DTTC were
acquired.
11the spectral windows of acquisition could be considered small with respect to the spectral variation
of the lamp light.
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Figure 3.7: Renishaw Raman Microscope.
Briefly, a drop of the analyte was put on a glass Petri dish for cell-culture and SERS
spectrum was acquired by irradiating the sample at 785 nm with 10% laser output power.
Chapter 4
Results and discussion
The experimental activity of this thesis work was carried out as part of a project that
aims to the development of screening protocols for early diagnosis of cancer based on
exosomes (see Introduction); in particular, the rationale behind this project is the use of
spectrally distinguishable nanoparticles able to recognize exosomes exposing proteic epi-
topes characterizing pathological events. The spectral properties which can be exploited
to recognize different nanoparticles linked to the same exosome may arise from their dif-
ferent LSPRs measured by elastic light scattering, or by SE(R)RS of chromophores
properly linked to the nanostructures (see chapter 1). The advantages of SERS labels
on the use of fluorophores can arise, e.g., by: (i) the possibility of multi-labelling using a
single excitation source; (ii) the low probability of photobleaching when the excitation is
in pre-resonance, i.e. at longer wavelengths than the absorption of the chromophore; (iii)
the opportunity to exploit other properties of the metal nanoparticles, among which their
dimensions for purification purposes, their multiple functionalizability by using appro-
priate coatings, their composition (e.g., they can be magnetic), their strong and typical
light scattering at the wavelength of the surface plasmon resonance and its dependence
on the environment or on the presence of other close nanoparticles.
At NEST laboratory where this thesis work has been carried out, there was a long ex-
perience with gold nanospheres and their coating (see chap. 2 and the references [33],
[36],[37],[38] and [39]). In order to reach the results proposed in this project, however,
there was the need to implement and optimize for the existing equipments, the synthesis
and the coatings of nanoparticles of different materials and shapes. Moreover, I carried
out an investigation for the best approach for the functionalization of nanostructures
with fluorophores, in order to increase the sensitivity of measurement using the resulting
SE(R)RS probes.
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To this end, I synthesized many nanostructures, mostly of which of noble metals, with
a wet chemistry bottom-up approach with the aim of producing spectroscopically dis-
tinguishable Nps. This led me to test many synthesis protocols, even for nanostructures
of the same shape and material, to find the more stable among them (e.g. I employed
three protocols to synthesize silver Nps and I produced platinum nanoparticles of four
different sizes).
I also performed the substitution of the native surfactant of the synthesized Nps with
various polymeric and organic coatings to investigate the possibility of improving the
stability of the nanostructures and to spectroscopically distinguish Nps of identical size,
shape and material.
I found that some coatings destabilized the Nps since the colloids showed precipitates
and color change after the substitution of their mother surfactant; this instability was
confirmed by UV/Vis spectrophotometry, gel electrophoresis experiments and DLS mea-
surements.
Once I found suitable coatings for different Nps and I performed SERS measurements
functionalizing some of them with dyes, I tested two methods of dye-tagging to inves-
tigate the conditions that gave rise to the maximum enhancement of Raman signals in
order to develop a spectroscopic fingerprint for Nps.
I also synthesized magnetic hybrid nanostructures by growing a gold shell on Fe3O4
cores, trying to make a concrete step towards the main research project; the idea is to
use these nanostructures to magnetically separate exosomes from biological fluids with-
out needs for mechanical separation by centrifugation, thus aiming at the developing of
a fast and inexpensive protocol for diagnostics.
This chapter is organized in two main sections: it begins with a complete character-
ization of the nanostructures that I have synthesized and functionalized, consisting in
observation of their “macroscopical” behaviour in different buffers, electron microscopy
imaging, gel electrophoresis, UV/Vis extinction, fluorescence spectra acquisition and
DLS measurement for ζ- potential evaluation. The presentation of their SERS spectra
is proposed in the last section.
4.1 Synthesis and functionalization
Results of the synthesis and functionalization of Ag, Au, Pt and Fe3O4/Au nanos-
tructures are now presented. After a short section containing observation about the
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importance of the buffer used to store the nanoparticles, I shall begin with Au Nps,
since the starting point are the results of a previous work[33] that I took as standard
for subsequent experiments on different nanostructures.
4.1.1 Choice of the buffer solution
Since these substrates are intended to be used in biological fluids for diagnostics, I re-
placed the mother solution of the Nps with many buffers at different pH to test their
stability; I found that with respect to gold and platinum Nps, which exhibited a good
stability, silver Nps (Li method) appeared to be more sensitive to the change in the
sorrounding medium.
Figure 4.1: Silver Nps (Ag) precipitated and resuspended in aqueous solutions of
40mM TEA (AgTEA), 40mM Borate (AgBorate) and 1X PBS (AgPBS).
Fig. 4.1 shows four samples of the same synthesis of Ag Nps which were precipitated by
centrifugation and resuspended in different buffers (40mM TEA, 40mM Borate and 1X
PBS).
Notice that Ag Nps redispersed in Borate undergo color change, from yellow to red,
which is the first signal of aggregation phenomena. PBS solution caused the irreversible
precipitation of the colloid, which indeed is colorless, while some dark precipitates can be
noticed by a careful observation. TEA buffer seems to be the most suitable among the
three, since the colloid retains the color of the native synthesis. The evident instability
of silver Nps appears as a severe limitation to its use for diagnostics purposes, unless a
proper coating could stabilize them.
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4.1.2 Gold Nanoparticles
Gold nanoparticles by Zhong method (see sec. 3.1.3) were functionalized with N- and
K- hexapeptides and with Fluorescein dye. A SEM image of the synthesis is shown in
Fig. 4.2.
Figure 4.2: SEM images of gold nanoparticles by Zhong method.
Encapsulated Au Nps were analyzed by UV/Vis spectrophotometry and gel electrophore-
sis and reported in Figg. 4.3 and 4.4 respectively.
Referring to sec. 2.3.1, extinction spectra of Au Nps encapsulated with Fluoresceine by
N- hexapeptide (AuNF) and by a short thiol linker (AuF) show two main features which
confirm the success of the coating:
• the shape of plasmonic bands of Fluoresceine-tagged nanostructures are distorted
with respect to the spectrum of the native Au Nps and of the same Nps function-
alized with N- peptide;
• the absorption maximum of functionalized Au Nps is red-shifted with respect to
the native colloid. This feature is pointed out in the inset of the graph in Fig. 4.3.
AuNF sample appears to be more stable than AuF since it shows a less distorted ab-
sorption peak and a well defined band1 in the electrophoretic run. It seems that the
1See sec.2.3.2 for further clarifications.
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Figure 4.3: Extinction spectra of Au Nps with their native coating (Au), conjugated
with N- peptide (AuN) and with Fluorescein by means of N- peptide (AuNF) or a short
thiol linker (AuF).
Figure 4.4: Electrophoresis of Au Nps conjugated with N- peptide (AuN) and Flu-
oresceine by N- peptide (AuNF) or directly attached (AuF), on Agarose gel (0.6%) at
80V for 40’.
substitution of mother surfactant with thiol-based ligands reduces the stability of the
colloid, but this effect is less pronounced when the dye-tagging is mediated by peptides.
We think the better stability of AuNF could be due to the N- hexapeptide which pro-
motes the creation of a SAM around the nanostructures, as discussed in sec. 2.2; the
hypothesis is strenghtened by the good stability of AuN sample which arises both in the
extinction spectrum and in the gel electrophoresis.
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4.1.3 Platinum Nanoparticles
Platinum Nps seemed to be very promising tools for SERS spectroscopy due to their
surface roughness which should produce particulary strong EM field enhancement. I
synthesized Pt Nps of different sizes and functionalized them with K- hexapeptide and
Alexa350 fluor. Fig. 4.5 is a SEM image of Pt Nps of ∼100 nm with an inset image that
I made at higher magnification to show the surface rugosity.
Figure 4.5: SEM image of Pt nanospheres synthesized by seed-mediated growth
(brighter features); the less bright features in the background are most probably organic
residuals and/or salts. The inset show a Pt nanoparticle at higher magnification which
reveals its surface roughness.
Extinction spectra of functionalized Pt nanoparticles are reported in Fig. 4.6. The inset
highlights an important wavelength shift in the position of the maximum of the ab-
sorbance, which could be indicative of a successful coating.
Gel Electrophoresis (Fig. 4.7) shows well-defined bands for encapsulated Pt Nps (Pt)
with K- peptide (PtK and PtKA) and a smear for Nps conjugated to Alexa350 fluor by
a short linker (PtA), but little difference in the motility.
The stability provided by K- peptide to PtK and PtKA is evident when comparing the
electrophoretic runs of those samples with PtA. Alexa Fluor seems to destabilize the
colloid and this effect is reduced when it is linked to the Nps by means of K- peptide.
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Figure 4.6: Extinction spectra of Pt Nps (Pt) conjugated with K- peptide (PtK)
and with Alexa350 Fluor by means of K- peptide (PtKA350) or a short thiol linker
(PtA350).
Figure 4.7: Electrophoresis of Pt Nps (Pt) conjugated with K- peptide (PtK) and
Alexa350 Fluor by K- peptide (PtKA) or directly attached (PtA), on Agarose gel (0.4%)
at 70V for 40’.
4.1.4 Silver Nanoparticles
I implemented three kinds of synthesis for silver nanoparticles, and decided to function-
alize only two of them, since Ag Nps produced by Creighton method (see sec. 3.1.1.1)
showed a high dispersity in size and shape.
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SEM images of the results of the three synthesis are shown in Fig. 4.8.
Figure 4.8: SEM images of silver nanoparticles by Creighton method (left) and Zhang
method (center) and TEM image of Li method (right).
Ag Nps produced by Zhang method presented a polymeric coating (PVP) as mother
surfactant; I performed peptide substitution and dye functionalization to investigate the
possibility to reach a proper functionalization also on these nanostructure. Extinction
spectra of encapsulated Ag Nps are shown in Fig. 4.9.
The inset shows a clear shift of the plasmon bands of functionalized Ag Nps, with respect
to the native colloid; this can be read as a proof of the success of the coating.
Gel electrophoresis and DLS measurement for ζ- potential evalutation of Ag Nps encap-
sulated with N- and K- hexapeptides (Figg. 4.10 and 4.11) support the hypothesis that
these nanostructures can be properly functionalized.
ζ-potential measurements are in agreement with theory: at controlled pH 7.7 (in 40mM
TEA solution) indeed, both amines and carboxyles are protonable sites and concur to
the total net charge of the sample. In particular in N- peptide only the carboxyles are
protonable while in K- peptide also the amino groups contribute to the total net charge,
which is thus “more”neutralized.
Note that all samples in Fig. 4.11 run in smears and this is in agreement with the
literature[40] for Ag Nps of ∼20 nm. Gel electrophoresis was imaged two times with
different backgrounds; from the image with dark background it can be noticed that each
sample runs giving rise to bands of different colors. This phenomenon could arise both
from size dispersion and from aggregation of the Nps.
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Figure 4.9: Extinction spectra of silver Nps (Zhang method) (Ag), after encapsula-
tion with N-peptide and with Atto425 dye (AgA405), Alexa405 Fluor (AgA425) and
Alexa488 Fluor (AgA488). All fluorophores were attached to the Nps by a short thiol
linker.
Figure 4.10: ζ- potential measurements for Ag Nps (Zhang) (Ag) encapsulated with
N- and K- hexapeptides (AgN and AgK, respectively).
Ag Nps synthesized following Li method were functionalized and analyzed by gel elec-
trophoresis and UV/Vis spectrophotometry. Extinction spectra and gel electrophoresis
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Figure 4.11: Electrophoresis of Ag Nps (1) synthesized following Zhang protocol, en-
capsulated with N- and K- hexapeptides (2 and 3, respectively) on Agarose gel (0.45%)
at 80V for 30’. Gel is imaged two times with white (left) and dark (right) backgrounds.
of Ag Nps encapsulated with N- and K- peptides and with Atto425 dye by means of K-
peptide and by a short linker (AgKA and AgA, respectively) are reported in Figg. 4.12
and 4.13.
Both experiments suggest that the coating with Atto425 dye makes the colloid highly
unstable. This was evident from the degradation of the samples during the washing
procedure by centrifugation and was confirmed by further experiments; AgA and AgKA
samples, indeed, show a high distortion of the extinction spectrum so that the plasmon
peak is no more recognizable. Furthermore, in the gel electrophoresis experiment it can
be noticed that the color of AgA sample shifts from yellow to red, which is a clear indi-
cation of aggregation, and the majority of the sample doesn’t move under the action of
the electric field.
AgK and AgKA samples run in well defined bands in the gel electrophoresis, thus it
seems that K- peptide reduces the instability of the dye-tagged AgNps.
Ag Nps were also functionalized with the same peptide-dye complexes employed for Au
Nps to investigate the behavior of silver substrate with respect to gold; UV extinction
spectra of Fluoresceine-encapsulated Ag Nps are shown in Fig. 4.14.
Ag Nps seem to respond well when functionalized with Fluoresceine with respect to
Atto425-tagged silver nanoparticles; extinction spectra show little to no distortion in
the plasmon band of silver and the shift of the absorption maximum is an evidence of
the successful functionalization.
The higher stability of Ag Nps tagged with Fluoresceine, both by means of a thiol
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Figure 4.12: Extinction spectra of silver Nps (Ag, black line) by Li method, and of
the same nanostructures after encapsulation with modified K- Peptide with Atto425
dye (AgKA, red line) and with modified Atto425 dye with a short thiol linker (AgA,
green line).
Figure 4.13: Electrophoresis of Ag Nps (Li method) conjugated with K- peptide
(AgK) and Atto425 Dye by K- peptide (AgKA) or directly attached (AgA), on Agarose
gel (0.5%) at 80V for 45’
linker and by hexapeptides, with respect to Atto425-tagged silver nanoparticles, can
be addressed to the different charge of the two fluorophores when dissolved in aqueous
media (see A); Ag Nps by Li method, are indeed negatively charged due to their mother
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Figure 4.14: Extinction spectra of silver Nps (Ag, black line) by Li method, and of the
same particles after encapsulation with modified N-peptide with Fluoresceine (AgNF,
red line) and with modified Fluoresceincadaverine with a short thiol linker (AgF, green
line).
surfactant (Citrate) which is substituted by Fluoresceine, which has a negative charge
due to the deprotonation of the carboxyle group, and by Atto425 dye, which is neutral.
The decrease in ζ- potential when Atto425-tagging is done, causes the instability of the
colloid.
4.1.5 Fe3O4/Au Core/Shell nanostructures
I have synthesized magnetic hybrid nanostructures by following a novel protocol opti-
mized at NEST Laboratories. Fig. 4.15 shows TEM images of the three main steps which
lead to the creation of Fe3O4/Au Core/Shell nanostructures (scheme of the synthetic
process is reported in sec. 3.1.5).
I performed various experiments aimed at creating a complete Au shell around the Fe3O4
cores, and analyzed the optical properties of those samples; TEM images and extinction
spectra of those nanostructures are shown in Figg. 4.16 and 4.17.
We see from the extinction spectra that Fe3O4 nanoparticles do not present any maxi-
mum in the absorption; after the coverage with Au seeds (M Au sample) they present a
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Figure 4.15: TEM image of gold nanostructures with magnetic core. Light grey cubes
to the left are Fe3O4 nanoparticles of ∼12nm. In the center, magnetic nanoparticles
sorrounded by Au seeds of ∼2nm are shown. Fe3O4 Nps sorrounded by Au seeds (in
dark grey) of increased size are shown to the right. Differences in color are due to the
higher electron density of Au with respect to Fe3O4.
Figure 4.16: TEM image of gold nanostructures with magnetic core. From left to
right, nanostructures sorrounded by Au Nps of increasing size are shown.
weak shoulder at ∼510 nm. Well defined plasmon peaks appear when Au seeds become
Au Nps after the reduction of additional Au3+ to Au0 (see sec. 3.1.5) that red-shift with
the increasing size of Au nanoparticles.
TEM images and magnetic separation shown in Fig 4.18 assure us that Au Nps grow
around the magnetic cores and not separately.
I also tested the possibility of functionalizing those nanostructures by coating them with
three different PEGs; extinction spectra seem to confirm the success of the coating due
to shift in the maximum of the absorption in response to different coatings (data not
shown).
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Figure 4.17: Extinction spectra of magnetite Nps (M) covered with Au seeds (M Au)
and wrapped with Au Nps of increasing size are shown (M AuS 1X, 3X and 5X, respec-
tively). 1X, 3X and 5X, indicate the number of iterations for the growth of Au seeds
(see 3.1.5).
Figure 4.18: Magnetic separation of magnetic hybrid gold nanostructures.
4.1.6 Silica-coated Gold Nanostars
I have synthesized gold nanostars and conjugated them to DTTC, a far-red absorbing
fluorophore, and then coated them with silica in order to stabilize the coating, preventing
its detachment from the nanostructure. Fig. 4.19 shows SEM images of synthesized Au
nanostars with silica shells.
I found that a freshly prepared colloidal suspension of nanostars is required to obtain a
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Figure 4.19: SEM image of silica-coated gold nanostars.
proper silica coating. Fig. 4.20 shows a coating attempt on nanostars synthesized many
days before: hollow silica spheres and uncoated nanostars are the evidence that coating
does not work on that synthesis.
Figure 4.20: Silica coating attempt on Au nanostars prepared many days before.
Coating seems not to work properly.
Nanostars of different sizes were synthesized and the ones that exhibited a plasmon
resonance closer to the DTTC absorption peak (765 nm) were chosen for further SERRS
measurements. Extinction spectra of three synthesis are reported in Fig. 4.21 and the
red-shift of plasmon resonances due to the silica coating are shown in Fig. 4.22.
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Figure 4.21: Extinction spectra of Au nanostars of different sizes, synthesized with 5
(black line), 20 (red line) and 40 µl (green line) of gold seeds, respectively.
Figure 4.22: Extinction spectra of Au nanostars before (blue line) and after (red line)
silica coating.
4.2 SERS measurements
4.2.1 Gold Nanoparticles
Gold Nps were conjugated with Fluoresceine and SERS spectrum were measured. Start-
ing from the results of a previous work[33], we aim to investigate the dependence of
electric field enhancement in SERS signals from the distance between the fluorophore
and the metal surface, when conjugated to the hexapeptide or directly linked to the
surface. SERS spectra are shown in Fig. 4.23.
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After providing the quantification of the number of peptides and fluorophores linked
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Figure 4.23: SERS spectra of Au Nps conjugated with Fluoresceine by a short linker
(AuF) and by a modified hexapeptide N (AuNF). Excitation at 561 nm with 150 mW
output power for 20’. Spectra are normalized to the maximum of the Raman peak at
1630 cm−1 (data are intensity-shifted for clarity).
to AuNps for both the samples(see 3.2.1.1), SERS spectra were normalized with respect
to the concentration of the fluorophores. Normalized spectra are shown in Fig. 4.24.
We investigated the possibility of addressing the stronger enhancement factor of AuF
substrates with respect to AuNF to the expected decay of electric field enhancement
with the increasing distance between the analyte and the nanoparticle (see Chapter
1). A rough estimate of the expected decay of SERS intensity as a function of the
distance between the fluorophore and the nanoparticle surface was done. Considering a
nanoparticle of radius R ∼15nm and a distance z ∼ 3nm of the fluorophore from the
surface2, the electric field decays as (R + z)−3 (see 1.1.2); thus, neglecting the size of
short thiol linker (i.e. z = 0 for AuF), the ratio between the SERS intensities in first
approximation should be equal to the inverse ratio of the distances to the twelfth power:(
R+ zAuNF
R
)12
' IAuF (1633cm
−1)
IAuNF (1633cm−1)
(4.1)
2Estimate was done for the Fluoresceincadaverine-modified N- hexapeptide, considering a length of
4.3A˚ for the peptide bond, in the hypothesis that the peptide was completely elongated and arranged
ortogonally to the surface of the nanoparticle.
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Figure 4.24: SERS spectra of AuNps conjugated with Fluoresceine, normalized with
respect to dye’s concentration.
where IAuF (1633cm
−1) and IAuNF (1633cm−1) are the intensities of Raman peaks at
1633cm−1 for AuF and AuNF, respectively.
I found that the ratio of the intensities is nearly twice the theoretical estimate. The
increased enhancement can be attribuited both to the higher chemical enhancement
that could arise when the fluorophore is directly linked to the metal, and to aggregation
phenomena. Indeed when Nps aggregate, hotspots between two Nps are more likely to
arise, this providing a higher EM field enhancement.
4.2.2 Platinum Nanoparticles
SERS spectra are shown in Fig. 4.25: the inset reports the spectra after background
subtraction and shows no Raman activity. Samples were irradiated with Ar/Kr laser at
350 nm for 45′ with 12 mW output power.
Electrophoresis and UV spectroscopy seem to demonstrate that peptidic coating on Pt
Nps actually works. SERS spectra, however, do not show any Raman activity.
Notice that the extinction spectra of Pt Nps do not show well defined LSPR but a very
broad absorption maximum; thus, it is reasonable to think that the EM enhancement
in this nanostructures could be really weak.
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Figure 4.25: SERS spectra of PtNps functionalized with Alexa350 Fluor by means
of K- peptide (PtKA350) or a short thiol linker (PtA350). The inset shows the spectra
after baseline subtraction. Excitation at 350 nm with 12 mW laser output power.
Another possible explanation could be addressed to the low output power of the laser
source used (12 mW) which could have produced signals of intensity comparable with
the background noise.
4.2.3 Silver Nanoparticles
Silver Nps chosen for SERS experiments were the ones synthesized by Li method, hav-
ing shown a better stability and smaller size dispersion with respect to the other two
syntheses reported.
Ag probes were produced by conjugating Ag Nps with Atto425 dye by K- peptide or
attaching it directly to the metal surface; as was done for Au Nps, the dependence of
the intensity of SERS signals from the distance between the fluorophore and Ag Nps
surface was investigated.
SERS spectra normalized with respect to the concentration of the fluorophore are shown
in Fig. 4.26.
For the different SERS enhancement of AgNF with respect to AgF holds the same
argument built for AuNps. However, in this case the ratio between the Raman signals
of fluorophores directly bound to the metal surface and the ones nominally 3 nm away
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Figure 4.26: SERS spectra of colloidal Ag Nps (Li method) conjugated with Atto
425 dye by a short linker (AgA425) and by a modified hexapeptide K (AgKA425).
Excitation at 413 nm with 260 mW output power.
from it is below 4. This could be caused by different chemical enhancements with
the different metals. Nevertheless, considering also the higher instability of the silver
nanoparticles with respect to the gold ones, and the fact that other chemical groups
present on the peptidic link and on the Atto425 have affinities for Ag of the same order
of the ones of thiol groups, could suggest that the geometry of the peptidic coating on
Ag nanoparticles is different than on Au Nps.
In particular, some molecules of Atto425 could be much closer to the Ag surface even
when linked through the exapeptide, causing a lower difference with respect to the case
of bonding through the short thiol linker. Moreover, there are signs of aggregation with
both the coatings, and therefore the enhancement arising from the hotspots could be
more important than the dependence of electric field amplification from the distance
between the fluorophore and the metal surface.
4.2.4 Comparison between Au and Ag Nps
A comparison between silver and gold nanoparticles as efficient SERS probes was per-
formed by encapsulating both the nanostructures with the same peptide-dye complex.
Fig. 4.27 shows SERS spectra of Au and Ag Nps functionalized with Fluoresceine by
N- hexapeptide. Samples were excited with different laser sources, thus, referring to
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eqq. 1.58 to 1.60, spectra should be corrected for the different excitation frequencies
by a factor γ ∼ (ωl − ωexc)−2 (ωl is the frequency of the laser source and ωexc is the
frequency of the maximum of absorption of the Fluorescein), in the approximation of
neglecting the summation over all vibronic states with respect to the first electronic
excited state: this results in a ratio of ∼14/7 for the resonance enhancement of the
Raman of fluorescein when excited at 413nm (for Ag Nps) with respect to 561nm (for
Au Nps). Furthermore, samples had different concentration and spectra were acquired
for a different time of acquisition. SERS spectra normalized with respect to all these
parameters are reported in Fig. 4.27.
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Figure 4.27: Comparison of SERS spectra of Au Nps and Ag Nps, both conjugated
with Fluorescein by N-peptide. Excitation at 561 nm and 413 nm, respectively. Spectra
were normalized with respect to the laser output power, the acquisition time and the
concentration of N-peptide with Fluorescein.
It is important to notice that some Raman peaks present a different shape in the two
samples (e.g. peaks at 1550 cm−1) and that around 640 cm−1 a Raman peak arises only
for Au sample. This could be due to different Raman modes excited with the two laser
sources or for the different interaction of the dye with the metals. We can not exclude
that Fluoresceincadaverine-modified N- peptide could link to the Ag surface either by
cysteine or by amino groups of the Fluoresceincadaverine itself3.
Silver and gold nanoparticles, however, seem to provide almost the same enhancement
of SERS signals, albeit silver Nps show a plasmon excitation efficiency even more pro-
nounced than that of gold nanoparticles, as shown in their stronger, sharper plasmon
resonance peaks in the extinction spectra.
Gold nanoparticles, have shown higher stability with respect to the solution in which
they are suspended with respect to silver, which appears to be actually stable only in its
3See Appendix A for a complete table of the structures employed during this thesis work.
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mother solution or in aqueous solutions of TEA buffer, and seem to be less stable also
when the native coating is substituted. This behavior, of course, severely compromises
the use of Ag Nps in medical diagnostics with biological fluids.
4.2.5 Gold Nanostars
The last result that I want to show is the SERRS spectrum of DTTC-tagged Au nanos-
tars, which are the substrates that presented less stability problems among all the nanos-
tructures synthesized in this thesis work and seem to have the best effectiveness as SERS
substrates. This spectrum is shown in Fig. 4.28. It is compared with a SERS spectrum
6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0
0
2 0 0 0 0
4 0 0 0 0
 
 
Inte
nsi
ty (
a.u
.)
R a m a n  S h i f t  ( c m - 1 )
 A u  S t a r s _ S i  -  D T T C
Figure 4.28: SERS spectrum of DTTC-tagged silica-coated Au nanostars (blue line)
compared with a SERS spectrum of the same substrate reported in the literature[34]
(black line). Excitation at 785 nm.
of DTTC reported in the literature [34] and almost all the Raman peaks are recogniz-
able.
Silica coated gold nanostars appear to be a very promising nanocomposite for diag-
nostics; they provide a series of advantages with respect to the other nanostructures
analyzed in this thesis work: SERS spectrum, indeed, was collected very quickly (20s
acquisition time with 10% laser output power4), opening the possibility of really using
them as SERRS labels for fast measurements.
There are many factors that could be responsible for the great enhancement of the SERS
4Declared power measured at output aperture of 300±30 mW.
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signal; branched nanostructures, indeed, provide intense local enhancement of EM field
due to the lightning rod effect at the sharp end of the tips (see sec. 1.1.2) and the silica
coating contributes to take advantage of this enhancement by holding the dye as close
as possible to the surface of the nanostructure.
Furthermore, referring to 4.19, it can be noticed that silica spheres do not always en-
velop a single nanostar, but it may happen that more than one nanostar is embedded
in a silica shell; this promotes the creation of hotspots in the regions between two close
nanostars that highly contribute to the enhancement in the SERS signal.
Although the last seems an advantage, it casts many shadows on the reproducibility
of the result (lack of reproducibility that has also been observed by me in different ex-
periments with different batches of functionalized gold nanostars), and in particular in
the use of these probes in the single-particle-like measurements (i.e. cross-correlation
spectroscopy or “multicolour” nanoparticle tracking analysis - NTA) that must be done
in order to recognize if more than one type of Nps are moving together because they are
attached to the same exosomes. In terms of diagnostics, this means that identification
and quantification of exosomes as tumoral markers may not be very manageable with
these kind of nanostructures.
Also, from a point of view of characterizing the properties of these composite nanostruc-
tures, the encapsulation in a silica shell complicates operations such as quantification of
the dye linked to the nanostar, as the shell should be dissolved in a highly basic environ-
ment, and this could compromise the stability of the metal-dye complex or of the dye
itself. Moreover, the silica shells burden and enlarge further the nanostructure, which
could complicate the binding of more than one of those to a single exosome, and screen
the possible interaction of the Np with its surrounding, in particular with other possible
close Nps, which could be exploited in some implementation of multiplexing diagnosis.
Chapter 5
Conclusions and perspectives
In this thesis work, I produced and functionalized metal nanoparticles for diagnostic
purposes. In particular, I worked as part of a research project which pursues the goal
of implementing a competitive exosome-based screening protocol for diagnosis of some
types of cancer.
I started with learning the underlying principles for the synthesis of metal nanostructures
by wet chemistry and then I researched the synthesis protocols that would produce the
best monodisperse noble metals nanoparticles of various shape and size, and verified
their stability in aqueous media.
Next, I tested the possibility to functionalize silver and platinum nanoparticles by means
of surface coatings: I employed six-aminoacids engineered peptides, which were known
to properly coat and water-stabilize gold Nps and to make them (multi) funtionalizable
by exposing reactive groups to the external of the coating.
I found that hexapeptides do not show the same reactivity with all the metals; indeed,
while it seems to be established that gold surfaces have a high affinity for thiol, silver
seems to show similar reactivities with thiols and amines. Thus, the same encapsulation
processes with N- and K- hexapeptides led to different results with Nps of different
materials, and even on Nps of the same materials but synthesized with different methods.
Once I achieved the implementation of stable surface coatings for silver, gold and plat-
inum Nps, I functionalized these particles with different fluorophores, for investigating
the best protocols to produce nanosystems that are distinguishable by means of spec-
troscopic techniques.
I performed SERS measurements on some of them and investigated the effects of linking
the dyes directly to the metal surfaces, or by means of modified hexapeptides, on the
photophysics of fluorophores.
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Regarding platinum Nps, I found that their localized surface plasmon resonance is very
broad, therefore the SERS enhancement is not expected to be very high; indeed, I
could not measure an appreciable Raman signal even from fluorophores very close to
the Pt surface. For this reason, we did not make any further research on this kind of
nanostructures.
For gold and silver Nps I found that the different functionalization procedures do not
affect the Raman activity of the fluorophores, as their spectra show peaks with the
same shape at the same frequencies. For Au Nps, I found that the intensity of SERS
signals decays with the increasing distance between the dye and the metal surface, in
agreement with the expected dipolar dependence of the enhancement of the electric field
with respect to the distance from the surface and possibly with a different impact of the
chemical enhancement.
The results on dye-tagged silver Nps are instead more difficult to explain: SERS en-
hancement for dyes that should be linked to the part of the peptide exposed to the
solvent, while being weaker, are of the same order of magnitude than the ones collected
from thiol-modified dyes that should be very close to the surface. Together with the
lower stability of coated Ag Nps, which already suggested that silver does not show
higher affinity with thiols with respect to amines or carboxyl groups, this observation
suggests (rather than a strange dependence of Raman enhancement from the distance
from the Ag Np surface) that the hexapeptide coating of silver Nps is not as expected.
Probably some peptides are linked through the expected thiol linker and some of them
are “reversed”, i.e. linked to the surface with the carboxyl group on the other end of
the peptide or with the dye itself.
I also made a comparison between Fluorescein linked through the hexapeptide to Ag
and Au nanospheres of ∼30 nm of diameter, finding that the “SERS” enhancement of
the two substrates seems to be similar.
Regarding the stability of the nanoparticles, I found in general that the coating with
fluorophores without any stabilizing agent (like the hexapeptides), albeit yielding the
highest SERS signals, produced very unstable colloid, which aggregated producing Np
dimers or multimers (as could be inferred by the UV/Vis experiments) and/or precip-
itated in relatively short time or by small changes of pH. Moreover, the coating with
only fluorophores does not present any additional reactive group on the surface of the
nanocomposites, complicating therefore the possibility to functionalize them also with
recognizing elements such as antibodies. As suggested by these observations, a possible
perspective of this thesis work is the production of a coating with appropriate chro-
mophores very close to the metallic surface, while being capped by a stabilizing layer
which presents on the external part a functionalizable group, where antibodies can be
attached.
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In any case, Au Nps have been found to be the stablest ones, also varying the coatings
or the aqueous media at different pH; up to now, gold is still the most suitable material
for future implementations in diagnostics. Starting from this consideration, I researched
for gold substrates with different shapes and physical properties, which could be im-
plemented as powerful diagnostic tools in future works; I synthesized gold branched
nanoparticles and magnetic hybrid core/shell Fe3O4/gold nanostructures.
Gold branched nanostructures have shown great attitude to functionalization with dyes,
together with exceptional stability in aqueous and organic media, thanks to an additional
silica capping. They also show great enhancement of SERS signals, even if this is still
not very reproducible. As a perspective of this work, further investigations upon the
optimization of size and shape dispersion, and on the coating and functionalization of
the silica capping layer, will be conducted on these substrates.
Magnetic core/shell Fe3O4/gold nanostructures are a very promising tools for diagnos-
tics, in particular they appear to be the way for reaching the milestone of purifying
the exosomes originated by tumour cells from biological fluids without the need of pre-
cipitation or centrifugation, while maintaining the good properties of the gold external
surface; the investigation on these substrates is still ongoing, since the accomplishment
of a complete gold shell or the appropriate coating are still under research. However, we
aim to focus our efforts on these novel substrates in the early future.
During this thesis many progresses have been made on optimizing the synthesis of the
composite nanostructures for diagnostic purposes and understanding their spectral prop-
erties. A natural perspective for the work of this thesis regards their functionalization
with recognition elements; there is also the need to investigate the best protocol for
the final multiplexing measurement of the concentration of different kind of exosomes
in biological fluids. These researches are being conducted at the NEST laboratories in
parallel with the ones described in this thesis.
Appendix A
Table of Structures
73
Table of Structures 74
Table of Structures 75
Bibliography
[1] D.S. Yoon Y. Hong, Y.M. Huh and J. Yang. Journal of nanomaterials - nanobiosen-
sors based on lspr for biomarker detection. 2012.
[2] Tony Owen Primer. Fundamentals of modern UV - Visible spectroscopy. 2000.
[3] Nanocomposix. Uv - vis - ir spectroscopy analysis of nanoparticles. 2012.
[4] Mingshang Jin Hui Zhang and Younan Xia. Chem. soc. rev. 41, 8035 - 8049. 2012.
[5] Pradeep T Sajanlal PR. Mesoflowers: a new class of highly efficient surface-
enhanced raman active and infrared-absorbing materials. nano res 2(4) : 306 320.
2009.
[6] Andreas Kolloch Johannes Boneberg Elke Scheer Simon Dickreuter, Julia Gleixner
and Paul Leiderer. Beilstein j. nanotechnol. 2013, 4, 588 602. 2013.
[7] Donald R. Huffman Craig F. Bohren. Absorption and Scattering of Light by Small
Particles. John Wiley sons, 1998.
[8] Encai Hao and George C. Schatz. J. chem. phys., vol. 120, no. 1. 2004.
[9] So Masters. Handbook of biomedical nonlinear optical microscopy. 2008.
[10] F. Siebert and P. Hildebrandt. Vibrational Spectroscopy in Life Science - Ch. 2.
2008.
[11] P. J. Hendra M. Fleischmann and A. J. McQuillan. Raman spectra of pyridine
adsorbed at a silver electrode, chem. phys. lett. 26, 163 166. 1974.
[12] Moskovits M Anderson DJ. J phys chem b 110(28): 13722 13727. 2006.
[13]
[14] P. James Schuck David P. Fromm, Anika Kinkhabwala and W. E. Moerner. J chem
phys. feb 14, 2006; 124(6): 61101. 2007.
[15] Dulkeith et.al. Physical Review Letters Vol 89, N 20. 2002.
76
Bibliography 77
[16] Liu Zhang Zhang, Liu and Tan. Aptamer-conjugated gold nanoparticles for bio-
analysis - nanomedicine 8(6), 983993. 2013.
[17] Lei Lia Yang Yanga Lu-Gang Maoa Zhang Penga Xia Liua, Wen-Jin Lia. Sensors
and actuators b 191 408414. 2014.
[18] J. M. OSullivan S. Jain, D. G. Hirst. The british journal of radiology, 85, 101 113.
2012.
[19] Eric M. V. Hoek Catalina Marambio-Jones. J nanopart res 12:1531 1551. 2010.
[20] Latha; Murphy Catherine J. Jana, Nikhil R.; Gearheart. Seeding growth for size
control of 5 - 40 nm diameter gold nanoparticles - langmuir, vol. 17, no. 22. 2001.
[21] Latha Gearheart Nikhil R. Jana and Catherine J. Murphy. J. phys. chem. b 105,
4065 - 4067. 2001.
[22] Radmilovic A. Bower M.M. Skrabalak S.E. DeSantis C.J., Weiner R.G. J. phys.
chem. lett. 4, 3072 - 3082. 2013.
[23] B. H.; Yang J.; Zheng N.F. Chen, M.; Wu. Small adsorbate - assisted shape control
of pd and pt nanocrystals. adv. mater. 2012.
[24] Fausto Sanz Elias Medina Jordi Arbiol-Pedro Toledo Alejandro Alvarez-Lueje
Ernest Giralt Ivonne Olmedo, Eyleen Araya and Marcelo J. Koga. Bioconjugate
chem., vol. 19, no. 6. 2008.
[25] Neeshma Dave Po-Jung Jimmy Huang and Juewen Liu. Dissociation and degra-
dation of thiol-modified dna on gold nanoparticles in aqueous and organic solvents
nishi bhatt - langmuir 27 (10), 6132 - 6137. 2011.
[26] M. G. Albrecht J. A. Creighton, C. G. Blatchford. Journal of the chemical society-
faraday transactions ii, 75, 790. 1979.
[27] Yulan Zhang, Ping Yang, and Lipeng Zhang. J nanopart res 15 : 1329, size- and
shape-tunable silver nanoparticles created through facile aqueous synthesis. 2013.
[28] Houshen Li, Haibing Xia, Dayang Wang, and Xutang Tao. Simple synthe-
sis of monodisperse, quasi-spherical, citrate- stabilized silver nanocrystals in wa-
ter,langmuir 29, 16, pp 5074 - 5079. 2013.
[29] N. C. Bigall et al. Nano lett,8 (12), pp 4588 4592. 2008.
[30] D. Mott H.-Y. Park B. Khan-S. Mishra R. Sujakumar J. Luo C.-J. Zhong
P. N. Njoki, I.-I. S. Lim. J phys chem c, 14664. 2007.
Bibliography 78
[31] Benito Rodrez-Gonzz F Javier Garce Abajo-Luis M Liz-Marzandian Senthil Kumar,
Isabel Pastoriza-Santos. High-yield synthesis and optical response of gold nanostars.
Nanotechnology. 2008.
[32] Adriano Boni, Lorenzo Albertazzi, Claudia Innocenti, Mauro Gemmi, and Angelo
Bifone. Water dispersal and functionalization of hydrophobic iron oxide nanopar-
ticles with lipid-modified poly(amidoamine) dendrimers. Langmuir, 29(35):10973–
10979, 2013.
[33] Valerio Voliani, Fernanda Ricci, Stefano Luin, and Fabio Beltram. Peptidic coat-
ing for gold nanospheres multifunctionalizable with photostable and photolabile
moieties. J. Mater. Chem., 22:14487–14493, 2012.
[34] Hsiangkuo Yuan Andrew M. Fales and Tuan Vo-Dinh. Langmuir 27, 12186 12190.
2011.
[35] D. G. Georganopoulou S. I. Stoeva C. S. Thaxton, H. D. Hill and C. A. A. Mirkin.
Bio-bar-code assay based upon dithiothreitol- induced oligonucleotide release, anal.
chem., 77, 81748178. 2005.
[36] Valerio Voliani, Giovanni Signore, Orazio Vittorio, Paolo Faraci, Stefano Luin, Julia
Perez-Prieto, and Fabio Beltram. Cancer phototherapy in living cells by multipho-
ton release of doxorubicin from gold nanospheres. J. Mater. Chem. B, 1:4225–4230,
2013.
[37] Valerio Voliani, Stefano Luin, Fernanda Ricci, and Fabio Beltram. Single-step
bifunctional coating for selectively conjugable nanoparticles. Nanoscale, 2:2783–
2789, 2010.
[38] Valerio Voliani, Giovanni Signore, Riccardo Nifosi, Fernanda Ricci, Stefano Luin,
and Fabio Beltram. Smart delivery and controlled drug release with gold nanoparti-
cles: New frontiers in nanomedicine. Recent Patents on Nanomedicine, 2:1877–9123,
2012.
[39] Valerio Voliani, Fernanda Ricci, Giovanni Signore, Riccardo Nifosi, Stefano Luin,
and Fabio Beltram. Multiphoton molecular photorelease in click-chemistry-
functionalized gold nanoparticles. Small, 7(23):3271–3275, 2011.
[40] Inga Zins Alexander Lotz and Matthias Hanauer, Sebastien Pierrat and Carsten
Soennichsen. Nano letters 7 (9), 2881-2885. 2007.
